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ABSTRACt"

The primary ubjective was to obtain a,nd ~valuate l'xpt\rimental data of the basic t.hermal ph(~·

nomena associated with the nuclt<ar and thermonudear explosions detonated between 5 May and
22 July 1956 at the PacUic Pl'I)Vln~ Grounu8 (PPG). The phenomena of intere~ wer.. those of
significance in the prediction of the thermal radiant t:'xp<l&ure ;f,nd irradiance at a pollit ~n spaf:f..
as a resUlt of a surface or low-altitude nudear explosion.

An array of suitable in&trumentation was placeti. tn eac h of four aircraft for data acqUisition
from medium and high altitudes over the point of detpnaHon. Record~ of loadiant exposure and
irradiance were obtained from <:lalorimetere and radlometers aimed directly at the fireball.
aimed toward the watE'r underneath thp ail"craft (albedo study). and aimed away from the ft.re
ball (backscatter study). FUter8 wer' used with many of tht:se therm~ lnstruments. yielding
data (~overing various parts of the visible and near-infrared Bp~ctrum. ~4'lctral data from the
detonat.lon was obtained with modified N-9 gun &l~.ht aiming point camuras employing an Air
Force Cambridge Research Center spectroseopic n08epiec~~; lihotographic records were spcured
by stmUar cameras aim~ at the detonation site or its environm(mt.

Thl.'!rmal and photographic data for 10 events and spf>ctral da;a for 11 events were a~'1alyzed.

The thermal l"e(;ords reaffirm the rp.duced transmission of radiant energy in the near infra
red because of. absorption by water vapor and carbon dioxiie.

An equation (or predicting the radiant exposure OIl a horizontal surface and its modification
to a surface oriented n ,rmal to the fireball (Reference 1) was t.ested agaInst the collected data
and W~. Im"ld to saUsfaclorUy predict the radiant l'lq)Osure. A simpUfied equation is also pre
sented and tested against the data. The uniform m.~teorolog1calconditions Jccompanying these
tellts allow the utie ot the simpler equatton.

Compa:f'i80n between the air drop event (Cherokee) and a barge shot of similar yield (ZunI)
indicated no significant rlifferenceR in the irradiances or radiant exposures measured at the
aLrcraft.

Mea8urementt> of the backscllttered radldion, where avallable. were found to be two or
three orders of magnitude IOWl2f than the radiant energy received directly from the ftreball l

wtth the eXC::t!'~ion of a single instrument I'eading 011 a wlngle eV'ent on which the 8-52 Hying in
severe cloud conditione measured 50-percent backeicaUel' Into the (~ockptt.

The spectral histories of aU events appear quite simUal', regardless of the yield; a larpe
amount of NOz t..s formed quite early and per8ists throughout the enUre event.

The photographtc records from cameratt haVing variou.. fl~ld. of view were taken at 6i
framu/aec on 16-mm high-resolution emulsions, from aircrsft at slant ranges on the order
of several kUom~tex8 h-om eurface u'ro. Each record covers the entire thermal pulleo The
cameras were paired utUizing infrared (0.70 to 0.90 mtcron) and blue (0.36 to 0.45 micron),
and ltnearly polarize<f (vertical and ;lOr1zontal, 0.40 to 0.70 micron) fUter ray8teml. The pri
mary lntenstty Inform tion was gained from mlcroden8Uorneter traces of each negative strip;
further \nformatlon came from size measurements on the fUm and from qual1t.ltlv~ observation
01 the developintt phenomena.

Such ancUlary features as the WU'IOn cloud, plume, and bright spots appearing near ahock
wavp breakaway were found to perturb the ther~nal output by les. than 15 percent. -rhe all'
shock appears to lttenuate the blue light; the shocked volume ia visible in the WI" ;ced because
of flcatterlng from thfa dehlJel' air. No J)(Jlarlzation phenomena, other than t"le expect~d dlffer
enCf tn epecWar 8cattf'rtng hom the ur.1i.turbtd ocean surface, were resolved.

• was found that an attenuating mantle (w80l'ptlon shell) surrounds the fireball from after
breakaway un;~H the end of the thermal put: e. This shell develops to a thickness of about a
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r('UpC'tl'd from thp unshocked watpl' surfan'. for the typical moist atmospht'rie conditions at til('
PPG. This aurenl£' is what' and uJipol~rlz!'d. Th(> 8hod~-froth albedo 1s about 12 times the Ull

~hockt:d v:a~er a!bt'do. In KPnl',nrl, tht" tlltal n'li lt~ht n·fl(>,·tcd or ~il'atter('d into the tYll;e:.<)\
~'an1f~ra Heldfl of Vlew- from aureole, douds, and watt'r- was abjl1t ('qual to 'i.he direct film
Jror.l the fin'balL Most of this waH HcaH~red from the shock-f:-othed water. The blul' albedo
was lower, presumably because of the ail' som'k atteHuatlon. lo'urthe:t.'mlJl·(', the blue firebaU
shl IWl'd consll~erably mol'E' 11mb darkcnln~.

fioth air rl:o~k and fin'ball dlnHmsions wI>r£' found to f)vey thi:." pn>ctided scaling laws. Thl"1'e
is evidence that the fir('b~\ll Burfacl' tempera~ure is \10~ symmf'tric with a:.Glmuth in some cases,
as ttte thermal flu,..; appears higher from certain \lar~e) regluns.

Reprouuctions of s£>veral Sf'rles of photographs contRinlnr; dUf('rent vi£>ws of Shot Dakot~

(1.1 Mt) are pr,'sent.r.d, itS W~llllS a typical series for l'3('h of the other ~'~~,omttlons hiving
p~ltographi.c CovN'iI~e; thp photographs al'f' dlsclH:.upd.

Suggcstions for the further anulyHis of (lxisiing data and for imp,ov('d data a('quiliiUolI from
futuI"J, ,<C'stl'l are prcsf'nted.
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FOtn~WORD

This rt'port pn'sents tht' fitla~ f('HultS of IlIIP of th£' projt'ct H pa J tidpatilll~ in till' mil ita toy. dlt'l't
prll~l'amt-i of OppraUon Rt'dwin~. Overall information ahout this and tht' ot!wr military-pff,,~d

projects can jw obtainf'd from WT-1344, th,,· "Summary Rl"port of tht' Commandl'l', 'l.lsk Unit
3." This tN'hnieal summary includ(>s: (1) tahlN! listin~ f'al"h ciptonation wHh itt! yidd, typ(',
('llviroJiment, rnct('orological concilUons, ('te.; (2) m.1.ps ~howin~ shot lorat~ons; (3) discussions
of r('~mlts by pro~rams; (4) summ~uil's of objN~tlv('s. proc'pdurf's, nsults, t'te'., flli all prnjt·('ts;
<lnd (5) a 1istin~ of pl'oject reports fur th€' m ilitary-,f{ed pru~rams.
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Chapter 1

INTRODUC'!'ION

In the iieJiniticlfl of tht' capahUIHes of pI't'sent-day h1gh-pef'fornnce aircraft to deliver nuclear
weapons of higt l. y1pld, thermal radiation app<::'al~s to be the limiting criterion. In order to pre
dict the thermal effects of a n·clear px:ploskon on aircraft structures, it is first necessary to
bt' able to IJr{:dIf.'t th,<' Intensity, wavelength cHatribuUon, and time irradiancy relationship of
the thermal radiation incident upon cdtic:d surfaces, whi.:h may have any orientation and loca
.louin space.

1..1 08 ECTIVES

The primary objective was to obtain and evaluah" l''!;Perimental data of the baste thermal
phenomena assoc iated with the nudear and thermonuclear explosions detonated between 5 May
and 22 July 1956 at the PadItc Pr.oving Grounds (PPG). T.hi8 data was to be obtained from
airborne instrumentation.

The phenomena of int~rest W€l'C those of 8ignUkance tn the prediction of the thermal radianl
exposure and lrradlance at a. point tn space' aT,; a result of a nuclear explosion,

The phenomena included: (1) fireball gt"Omf!tI'Y, l.ncluding size!. AhaPf~, and rate of rise;
(2) fireball characteristics as a therm~d·cnerg"j source, including bhtc.k-body quality, emis
sivity, and color temperaturl"; (3) 141bedo ~ff.ects of Ow t~aR·th'l!ll surfa{'e and of clouds; (4) effects
of shadowlnp; of the earth's reflecting 8u~"f;u~e (dec:reasc in eftecttve albedo at smaller angles of
ind~pnce becaUSE> of 8urfaet' roughness) and the obscuration by the fireball; (5) degree to which
the emitted thermal radiation is anisotropic; (6) dfed 8 due to ~~attertngand ahsorptk I as
functions of wavelength; and (7) val'laUon of th~ spcet ,,1 di8trlhuUon of the thermal energy in
the viliibl. region as a funcUon of time {rom the ftr8t minimum t.o a,bout 10 Urnes the time to
th~ second maximum.

1.2 BACKGROUND AND THEORY

With the advent or thermonuclear weapons, thermal radiant expt')8Ul"e be(\am(' nnt~ of the
limit,'ng factors in the deliverv capability of aircraft. In the prelIminary f~8timate of thtrmal
lnput.s to be received by the dellvt>ry airel alt (Refert·ut:'f.' 1), many a!!l$umptkms. and approxima
tions were nece8sary because of lack of data and th.· dUficulty o( ~ny analytkal ~)lution. Many
signlficant parametl'rs can bp iwesUgah>d adequat{'ly ollly at a I1U.'I.f>.u· test 0):11..•Uon. (Thea'
param{'tf'J"~ art~ listed as the objectives. of this pruject.)

Metht..ds u8t~d to predict the tht'rmal radiant exposun' received at a point tn space ("oosld('r
such parameters a8 fLehall 81z.", ['ih;~pe~ rat .... of rise, and color temperat.Ln:'. Addit!')nal fa£'
t01.'S are the albMo effeds of de dfi :.wd of the earih'l' Burfao', a.tmonpht~rh" effiPda 01 SCa,ttf' ... ·

Ing a.nd water vapor absorpti'ln, .md variation of sPt'rtral distribution as a fum'Uon of tiltH',
yield, and ht.'ijotht of kJli'rsL U the&f' additional factors are neglect~d, the foHowtnp; pqllaHon 1'01'
an airbun.t iEl obt:.aJned (Refel'enet'S 1 and 2)~

""ORMERlY RfSTRlCTED DATA
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W ,.0.; weapon ylelo, Kt

d ,.~ distance betwt:'en HrebaIi cent£r and receive.', It

In Reference lp consideration ~f some of the above mentioned factors l'NJult~'d 111 modifica
tions to the basic eq\latlon as follows:

(1.2)

Where: QE =

~ =

~ "

FV ,:;

FIR -

cos 8 =

TV ;:

,
T -.V

TH ""

,
Tn =

thermal rad!ant e1qM>sure on a horizontal receiver, cal/em!

thermal radiant exposure on a receiver oriented n<: rmally to a radlal from
the fireball center in 11 vacuuM, cal/em!

fraction of the total thet"mRl energy releauled in either the hemispherical or
spht-rical fireball phase ~F1gw-e 7 tn Reference 1)

fr<.iction of the total thermal energy in the vislble regien of the spectrum
.from 0.3 to 0'" mlcron

fraction of tl.'t! total thermal energy in thE' infrared region ln the explosion
radiation fjpectrun'~ at wavelength greatt" than 0.7 micron

coslne 01 the U1¥,le between the vertical through the fh'~,ball center and the
8~.ant range line

frar::tlonal h'anllmisalon due to 8(;atterlng 1n ~he vislble region for the direct
radiation

fractional transmlaswn due to scattering in the vislblp region for the
ground-renected radtaUon

fractional transmlsslon due to llCatterlng tn the "lAze layer over the entire
spectrum for the dlrect radiation

fractional tranamllislon due to scattering ln the haze layer over the entire
spectrum of the exploslon radiation for the reflectN radiation

Tw • fractional tranamlaalon in the infrared region of the exploelon spectrum due
to water vapor abeorptlon of the direct radlation

,
Tw • fractional tranemls.lon in the infrared rellon of the exploslon spectrum due

to water vapor ab-erpUon of the renected radiation

p .~ aver..., Vound albedo (Table 5 in Referen~e 1)

)' T"UO of the Iround-reflected energy per unit area on a horizontal receiver
to the direct energy per untt area on a recelver oriented normally to Q

radtal from the fireball center at a partlcul~'r point In space, In;~ vacuum,
.for unit iUbedo and for elther a aarface hemispherical or an air spherical
flrebaii (Tables 7 and 8 10 Reference 1).

Equation 1.1 was develc C)ed as a r f 'a80nably .. alid analytlcal expresslon for treating all ~lr,

surface, and tntermedlate-,etght burst. wlth yields of 500 Itt or le88. Although this equation
seems to stye reautts that are in better acreement 1 1th teat lata t~Jln other methods, many
parameters have received only cnn·"ry conslderattol In consequence, it was determined that
Atr Force Cambridge Research Center (AFCRC) partldpaUon during Operation Redw1ng was
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desirable. Con(erellcfls includIng representatives O[ WAlx.:, NIUJL, aoo AI'·l.:IU; estGlOllSneU
the teat plan. h was agrt'ed th.nt the breakdown of responsibilities in this eft'ort would be . 8

follow.:
1. AJ:rCRC would assume responsibility for the technical aspects of the basic thermal por

tion of the operatloh on four WADe aircraft (8-<47, 8-52, 8-57, and 8-66), and serve as tech
nical con.wtantl to WADe and NRDL. Spec-UlcaUy, AFCRC, with alsistance from Edgerton,
Germer \au.en and Grier, Inc, (E~G), would determtne correct fUm, filters, lenses, exposur
HOle., and fUm-transfer ratee. The .1edueed thermal data would be analyzed by AFCRC for
lnformatlon on tile parameters outlined tn the objectives of this project.

3. WADe would provide funda for NRDL. equipment and service", N-9 gun sighl .liming poil
(GSAP) cameras, recorders, amplifiers, and cont,rol circuits. The WADe contractors would
lnatall and flll~-check the UuJtrumentation.

3NRDL would lAIpply the radiometers and calorimeters, make electrical and thermal
cillJ.b 'ationa before and after the:) telt, and carry the data reduction through the tabulating, plot
U•• and correction pM-••.

4. All apncie18 concerned would provide nece8sary personnel at the test site.
Thus, tho desired data wo\ald be available a. result. from the calorimetric, radiometric,

photographic, and .pectrolP"aph1c recordlnbs from each event.
Il was expected that much of the information de.lrecl would be obtaloed from the fUm recor(

of •• GMP camera.. From 20 to 35 cameras were utUlzed on each event. Some were fUter,
to obtain fireball picture. in the blue PlrUon of the apectrum (3,400 to 4,500 A) or in the red
(8,800 to 8,800 }.,). Other ('amer·. were equipped with lpectroacoplc attachments developed at
AFCRC to obtain .pectral distribution information a. a function of time in the .lX'ctr~1 region
frozu 3,200 to 8,000 .1... More detal1ed information of thP instrumentaHon appear. elf.'ewhere ill
this I'eport.

Densitometric mea~urementsof theo fireball fUm. would prov ide M UlumlnaUon-'VeI'tius~ar.

record of thermal radiation lource. wlthin ~he fields of view of the instrumentation, 8uppleme
lng the MpectroKraphlc and clilllorimetrl,r: (htlia.

A.-Iysl. of the apectrlll data would give information on color temperature. If the fireball 1
..t.sum8'l to have black-body qualities, the spectr'a! diatrlbutlon of Its radiant energy can be
characterized by an effective color temperature, i.e., the temperature at which the relative
lotenaity, a. a function of wavelencth, h. dlatributed according to Planck's law of radiation"

Planck'. ~_w of radiation can be approximated by Welo's formula when .\ T « 3,000 mh:ror:
delree., as follow.:

101 I AI • (.- 0.4343 ciA T) + log K (1.3)

Where: I = lntflnslty of radiation per unit wa veicmgt,h
A • wavelrngth, micron.
T • tempel'ature, -X
c "- 1.4385)( 10' mIcron dftgnes
K lit a conatant. the numeri", aJ. v tue of which depends on the units of I and It.

If tntrn.lty mea.urf'mentl.'l are corrected for absorption of the air by extrapolation to zero
dl8tance, they should follow the above law. Therefore, :l straight-Hne fit to a plot of
0.4343 c/ A veralJ. log I AI she dd have a slope- Equal to -liT.
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Chaptt'r 2

PROCEDURE

2.1 OPERATIONS

The two-atoll (Bikini and Eniwetok) arrangement at the PPG and the wide vartaUon of weapon
yields compounded the problem of properly Instrum~nttngeach aircraft for each event of the
operation.

2.1.1 Thermal Measurements. Aircraft positions were obtained from the indivtduai projf'cts
as soon as po8sible. Instrument-se'l81Uvlty selectionll were mad.' utUizlng a combin ,tion of ex
trapolation of Operation Castk data an:t the m~~thod of Refe"encf' 1, as reduced to a r',lmograph
form for Operation Redwtng (Reference 3). The NRDL personnel furnished the instrument!! to
the individual contractor for installation and accomplished the preflight electrical calibrations.
Alter the event, the individual contractor perfornled initlal data reduction.

2.1.2 Photographic Coverage. Following the establlahmE"nt of aircraft positions, a detaUed
photographic plan was accompllllhed. Some ',Iariations of the basic camera configuration were
made to take adYantage of aircraft positions. FUms, lenses, fUtel's, camera Spef"d8, and aper
ture settings were selected. FUm requirements were given to Task Unit 5, which assisted in
the field effort by providing loaded magazines, processing exposed fUm, repalrtng damaged
eameras, and servlr~ In a consultative capacity. Cameras were preparf"d and furnished to the
lnrtivldual contractor for installation. Installation was accomplished on the evening of D- 1 day
or the morning of D-day. After the event, thE" fUm was ret\.lrned to Task Unit 5 for processing.
The fUm was reviewed by project perl!lOnnel for qual1tative analysis of resultfl. FUms were
then returned to the continental United l~tntes for further processing and anal ysis,

2.2 PLANNED SHOT PARTICIP;.>V\'tON

The coverage '!)f basic thermal mi'~B·.,.;·~~mentsfrOM aircraft was quite extensive tn tht' num
ber of aircraft involVed, the numlx' of j''lJ.Ntrumenh per alrcraft, and the number of events in
which the a!rcraft parUclpated.

Participation was planned for every evcn* in which any of the four aircraft carryintz: Project
5.7 Inatrumt'ntatlonpartlclpat.ed, althoulh In aeveral caaes the aircraft were poaltlon€,J for other
than tt.erknal effect.. The planned participation for the operation is gtven in Table 2. .\, and the
event staUsUcs are liven in Table 2.2,

Part ial instromentation for a backup ground station was planned to ('over all events, except
Shots Yuma and Osage.

2.3 INSTRUMENTATION

Twenty-ont:' channels of thermal information ",pre f'ecot'ded on each alnraft. In addition,
the B-47 and the 8-52 were lnstruDlented to measure the thermal radiation that would bt· back
scattel'ed to the cockptt. This tnstt'umentaUo't 13 discu8bt,r<! later in thts revort.

~i~hteen channels recorded the outputs of sensors lo. ,di'<1 in the taU section of each aircraft
(Station 1, .Fl:~\.i e 2.1). These sensors were preset on Hw ground to point at thf' fireball durlng
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8urfac£ _ Each one of these sensors was fashioned with a h(>mlsphf'rical fUt,.r that had a U~Oo

field of view. Two of these filters were of quartz, whkh tnnAmtts Jlearly aU of the sppctrurn
(essentially 0.2 to 4.5 microns), and tht! other was of red Jena glas8, which transmit" prlnc1~

pally in the 'nfrared (0.7 to 2.5 microns). Because of the pt'oxin'lity of these instruments to
each other and to other obstructions, one of the quartz 1600 fUters on each aircraft was r~ ..
plaeed, for the last few eVf'nts, with a 90 0 fUtt>r. This was acrompUshed to assiat In the eval
uation of effects of obliltrucUons within the .field of view of the il'if'truments. In th~ case of the
8-57, it wa .. poBslble to add the 90° inlrtrument without removil\f a 1(,00 lnotrument.

Each of the alrcraIt carried some ad..Utlonal thermal instrumentation that wa' not provided
for within the ICOpe of Project 5.7. Thia Instrumentation consisted of two the!'mal "pnllOrs
located within th.. radome of each alreralL The 9-47 alia had a c lorhneter oriented at r~ht

angles to th~ se.uors In !latton 1 :md another mounted vertically in the left rear horiZontal
stabUtzer.

In addition to the thermal sensorl';. N-9 GSAP cameral were used in these two 81 atons In
each aircraft. Two cametas were located in the lower fuselas;e (StaUon 2) with the 8ame ortecl'
taUon all the three thermal sensors. These had m large field of view and obtained photograph!
of the albedo surface. Six camera. werp located in the taU instrumentation secUon (Station 1)
of each alrcrait and were pointed at the fireball. Four of these were of primary interest and
were fitted with red and blue fUtera to obtain photographs 1n the spectrlU regions of 0.34 to 0.45
and 0.68 to 0.88 micron. Lenses were selected to obtain as large a fireball hi~ge as posslbll"
but With some conservatism because of the pointing errors that it was reasonable to expect. In
the case of the 8-57 and the 8-66, two of the four cameras were equlppeod with the "p~ctro8copi

attachment. The purpoae of the other two (~amera8 was to provide information. ~n the fiela, of
the aircraft orientation with reafpect to the fireball. Although thesoe cameras were thp. l'esPLn
sibUity of the individual aircraft project, the fUn, was of value to this project. Arra!'igementu
were made for AFCRC to be prOVided with the original nepUves and with prints of those fUms.

In addition to th(C cameras included herr in the back intlltrum(Cntatlon, there wen other cam
eras, on three aircraft, whlch were Incorporated u the ;Jfoject. progressed. Th~se included
one camera in the backscatter mount on the 8-47 (Statton 3), t.w additlo•.al cameras on the
8-52 In the can.era hou.lng aft of the cockptt (Statton 4), and four to t:=lx addtUQruU came~as on
the 8-66 In Statton 2. Thfo addltlonal cameras on the 8-47 and 8-52 were lnatalled to prOVide
photographic coverage of the thermal backscatter instrumentation. The addltional c,lmera
mounts that became avaUable on the 8-66 were utUlzed to provide addl.l:ional covera~e between
the direcUons of the radial to thf\ fireball, and vertically down. information on th~ ad:11t1onal
camt>raM i. furnished later.

MOTe detaUed II~ormatlonof the baste instrullIlentatton 1n Stationa 1 and 2, including Held
of-view and fUterlng information, \8 glven in Table 2.3. In some instances, more than ont)
ln8trument ha ~ the same field of vll"W and (UteI' in order to cover a senslUvlty rlinge.

2.3.1 Racometers a.nd Calorlmeters. The calorimeters and radlometns were furnished
by NRDL in several MnslUvlty rllnges to cover all anticipated input value~. Calibration of
these inltruments was accomplished by NRDL, before and after the operation, by the ..~tutza
tion of standard techniques. The tnatallatton was accompliahed by the lllrn~ft projed.' (~on

tractors, In each case, under the cognlzancf\ of NRDL and AI'eRe. This imf.lrmatton, with
but one excepUon, was recorded on ConllOltrlated rl"corders. The B 47 backlit. tter information
was recorded 0'1 an Ampex 814 magnetic tape rec'c1rdl"r. This resulted !l'Olb the lack of oscil
lographic channels at the time the requirement for the backscatter me<tSl!T('m.t'nts .arC.Be. Thi>
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2.~.2 Photographic. The N-9 GSAP cam"ral, supplied by WADe, had been modified by
M:G&.G in accordance wUh criteria furntshNi by Cook Research laborntory. TheBe came~'

'.ave a focal plane and a O.OOl-·second shutter, employ 16-mm perfoR"ated fUmt and oper.... at
64 frames/...,t:. The j U"pose 01 tM modliicaUons 'was to eliminate oone~selltial features that
had been ft.>und to be the source of certain malfunction8. Personnel of EG6G check~d all cam
eras tor proper running condition and collimated the desired lenses with each camera; the
~amera apeed was checked over a range of temperatures and battery voltage variations, and
found to be within acceptable limits. It was fauna, however, ~hat occalionally in Held operation
thE' ahutter opening time varied somewhat (order of 25 percent) from franle to frftme; tHs :>oint
will be discuaed later.

The cameraa Were Mounted at Statlon 1 of the alrcraft. Four to I!I~ of thue cameras werp.
located in the taU HeUOr. of the four aircraft, and wert- adjulllted ~ore the flight to point at
the expected poaitlon of the fireball. Len8es were selt>ded to obtain as large a fireball Image
.a polI~ible, with the reservaUon that a considerable IX ,nUng eJ'rot' waD to be ~xpected. Lenses
with 10-mm. 17 -mm, and 25-mm focallengtha were used; these were collimated and carefully
shimmed for aharp focu8. The field of vtew of the 10-mm lenses La 61° by 43.5"; oi the 17-mm
lenR., 35.5° by 25.5°; and of the 25-mm Ienae". 24.5° by 17 .5Q

, T~ lenaes were stopped to
apertures between f/5.6 and f/22.

The camera. were operated in pall'8, in that either tnfrar~d antJ blu.e tUtera, or hortzontal
and ver.ticallinear polarizera, were uaed on alternate camera. havin, lenNs wUh th~ u.me
fr.callength. The blue fUters (Jeqa BG-12) and the polartzE'r8 (TUfin type) W81'e used with
Kodak 80-1,112 Mlcroflle fln-craln (..... 300 Unea/mm) fUm. With thE' lnlnred (Jena RG-8)
fUtera, a IIlow-speed infrared film, T7Pt' IV-N (..... 120 llnea/mm) wao uSeQ, These systems
wm h~nceforth be referrfM' to aa Red, BI~, and Polaroid. In addltion l some of the aerlt'l
were fUtered by Jena NG-,j neutral-denaity-l fUters.

The overall apectral reaponae of these ey.tema, In abllOlute unitl, IE ahown in Figure 2.2.
The.. curvet! '\\'en compounded from the spectral reaponR of the emul.k>na .8 furni.hed by
the manufacturer and from the measured (with a apectrophotonleter) response of the {Uters
and polarizer. Since it was found t"t the heights of the attf'nuatton-wavelength curve. of the
neutral denatty fUter. were aubJect to conatelerable variation (presulllably the:-' \'uy 1n thlck
neaa), the curvea are to be reprded aa representative only. The Red sensitivity extends
from 8,800 to D,OOO A~ and the Blue senaltivlty, which Is le•• clfJ·arly deHneated, from abt-ut
3,800 to 4,500.t The equiValent AlA speed. of theae fUm-fUter 8Yatr 'lAa (lea. the neutral
denalty fUlera) are about 1.

2.3.3 -.ctrolJ'aphlc IU8lrumentatlon. The Itpactrographic tr:.l'uumentation con8ist,ed of
16-Diiii, N-O motton-picture cameras mocUfied by the addition of AFCRC .i)8drDISCoptc attach
ment.. TM assembled lnBtrume~lt ia shown in Figure 2.3 and an exploded view In Figure 2.4.

The apectroacoplc attachment employed a Bauach and Lomb 3-pr t am diape.r8lni element and
zaaoclated lenae.. A aecond type, developed to extend the spectral coverage (3,200 to 9,000 A),
utUlzed a gn.• lnI fOl' the diaperalng element.

The former attachment consi.ted of I sUt, roUtmatingleNl, and a 3-prtsm Amtc( dtlJf~r8ing

element. Tho sUt ta of the .tep variety conaiating of five stepa wooa. wldtba VIUY logarithmi
cally 'rom 10 to 800 microns. The widths were choaen to gtve equally lipact"d ~l'C,P).\ire. alo..
tne "d and {'I' curve of the emulakm; thu., itM.a poa.lble to dEtermine the .~l.Uve antenaity
reaponae of the fUm at each WIlvelencth on each frame of datm Thh i. D6ClUN.i·y 10!: obUlning
a fair decree of accuracy in I ie mea.urf~ment of th~ relative intpoaity all a fu.nctLon ()f iiilWe··
leDlth by holdt~ to a minimum the errol'S introduced by nonunU'ormitl4lta in the tomw..lo::l aM
fUm proc.ea.tng.
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A shade and an opal disk placed before the slU provide a simple means of varying the Held
of view of the instrument as w211 as a9surtng uniform Uluminatlofl along the length of the "lit.

A fUte.r hold-er placed between the prism and camera lens allows for the;nseTUon of neutral
density filters for extending the range of the In8trurrolent and the inclusion ( i a Didymium filter
to provide known absorption lineR in the 8pectrum for wavelength calibration.

The standard 35-mm f/2.8 lens supplied with the N-9 cam,era Is used as the camera lens
for the spectrograph, thuo retaining an optical Iystem of unit magnlfic:lbon.

The N-9 camera was chosen for its versatility tn the selection of exposures and the . 'me
resolution avallable wlth the I-m8:c and 0.5-msec shutter speeds. A complete discu8s1On of
the N-9 camera may be found in Reference8 4 and 5.

During the tests, the spectrographa were, in general, tnltalled a8 follows: t.-o each in the
taU mount of the 8-57, in the taU m('unt of the 8-66, in the after fUlielap mount of the 8-C6,
and in the photo tower on Site William or Site Elmer. Exception.. to this occurred on shot. in
which the 8-57 did not ~rttcipate and when attempt8 were made to measure backscattered ltctl
In these easel, the 8-52 was instrumented.

The time interval of major interest was from the firM minimum to about 10 Umes the time
to the second maximum; thUll, the camera apeed normally uaed was 64 frames/sec with a ttJT'lE
reaolutlon for an individual frame of 1 muc.

Exceptions to this occurred for cameras located at long Ilant ranges for snot. of high ytelel
where it was determined that 32 framea;HC was optimum.

Three fielda of view were uaed on the 8pectrographs durtnl the operation. A plot of the
measured relative response of the spectrograph over theae fielda i. lhown in Flgure 2.5. TilE
field defined by the opal with no shade approximated a Lambert aurface ~)ver a total fie' .. of 16
Thil fiel,: was ueed on all aircraft inatallationa. The addition of a .hade t.() the opal !lrrilted tt
field to about 40·. This combtnatlon wall u8ed for all data taken from the photo to',er on Site
WUliam. Replaclnl the opal with a p-ouncl quartz dUfuler relulted in a attll na1 rower field h\J
with an lncrf!ase in sen.ittvtty of a factor of 2 at the peak. Thil combinatton ·fta \!led to adv...
tage on the medium- and low-yteld events recorded from the photo tower on Site Elmer.

The elq)erimental procedure wal stra~forwa.rd. Lc».ded fUm Callettes for the N-8 cam
erall were obtained from EOIIG. The fUm WlLS HUed, then loaded into the spectrographs, and
operated to check that the cameras were rwminl properly and that Ute fUm wa. travellfll frf!e:
Each spectrograph was then exp)sed to the radiation from a high-pre".ure mercury arc. Thil
relulted in a few frames of mf!rcury apectra on tM leader of each fUm to "rye as the wave
length calibration. The Fepared cameras were tnatalled in the aircraft Bevenl hoUri beforE'
the acheduled mi.slon and the ,ptic. cleaned Just prior to takeoff.

Upon completion of a nti••lon, the cameras were removed froM the aircraft and the expose
fUm deUvered to 1l:000G for processtne, after which it ft. reviewsd for expollUl'~ level ail thl
sent to AreRe for data reduction.

2.3.4 ALrcraft. The foor aircraft uaed were the 8-41 (PT .lject 5.1). 8-52 (Project 5.2).
8-5'f (Project 5':4), and 8-86 (Project 5.3).

The instrumentation of the 8-47 included all the bast<- instrumentation. In additton, extenlll
coverage of the backecattered radiation was provided ....y six of the aenaiUve (7- and 20-juncU<
NRDL calorimeters. Two of these were mounted tn !l camera hoU8inr on top of the fuselagE'
abl it 8 feet aft of the canopy (Statton 4). 'l'"he instruments were orlenteu ~5° above the horizOl
tal. with one 30· to the left and lhe other 30~ to the right of the aircraft' ;OBe. The oth~r four
calorimeters 're mounted in the navlptor'. compartment (bUon 3) anet pointed furward at
65· above th norizonW. These lnatrumer-ls (.( lered the area betWE'en the :It.,ids of vie.. of ttl
two calorimeters. mounted alt. A camera Wit mounted parallel to the four calorimeters in St.:
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""tf"r was mounted close to the wlndsolf"ld behInd the therrr.al curtain. Tht=> second calorimeter
w~VJ mountf"d externally a short distance forward. Calo...1meter~ and cameras wert· pointed
forward with an angle of elevation of about 50'" above the horizontal. The cameras for the back
scatter lnstrumentlltion cov'H'age were in a camera. mount correBpondlng to station 4. Photo·
gl'aphs f)f the taU inBtallation appear as Figures 2.8 and 2.9.

The 8-57 carried the basic instrumentation. No backscattering measurements wert=> made
from thi.8 aircraft. The only variation from the baoic inatrumentation was made midway throu~h

th·~ operat )n when a calorimeter with a 90 0 field of view WIl.S added to the vertical station (Sta··
tim 2). 11~ taU instrumentation station is pictured in Figures 2.10 and 2.11. T'1e vertical
staHon was mvunted in the alt hatch door.

The 8-66 instrumentation waB similar to U.t in the B-57, and no instrumentation for meas
uring backsc;ittered radiation was included. The instrumentation dUfered from that in the othpr
three li\lrcraft in that the taU turret, into which the taU instrumentation was incorporated, could
be depressed to only 70" below the horizontal. With the inclusion of smaller yield weapons, this
l1mUatl::m became a major problem; because if the aircraft were positioned for receiving desir(>d
inpule, the taU instrumentations could not be pointed at the fireball. This was solved by fabri
catton of a second instrumentation container to be mounted in the lower fuselage statton. This
container could be tUted fore and aft up to 30" from the vertical and cover the region that the
taU instrumentation could not cover. It was planned that, on those shots where the optimum
position would not p~rmit use of the taU turret, selected sensors of the taU instrumentation
would be t . .lnsferred to the lower fuselage station. The camera mounts were utUized on most
events to obtain more complete photographic co\'er: ~e. Photographs of the tail instrumentation
appear aB Figures 2.12 and 2.13. These photogra~h~depict a bad case of instrumentation foul
ing by dirt, water, hydraulic fluid, anti the waste products of the JATO units.

2.3,5 Grour.d ~tion8. The ground effort of this project was limited, but analysis of the
data estabUshes itB importance. Arrangements we 'e made with EG'G for the operation of two
N-9 camer:l8 at a ground BtaUon on each atoll. These cameras were equipped with the spt:ctro
scop ,., attachment. Inclusion of th'l8 effort resulted in a capability of makin;;, direct correlation
betWI en data obtained on the ground and data taken with identtcal instrumentation from aircraft.

Data was allO taken with an N-9 camera fitted with the spectroscopic attachment and using
the sun as a source, to prOVide atmospheric transmission information to be utUized in the anal
ysb of photographic data.

2.4 DATA REQUmEMENTS

The data requirements of t.he project were as follows: (1) nlt:?uurements of thermal radiant
~~!ll..!!"~ !!.~ !!'!'!!.t!~..~~ ~~ ~ !url,.tion of lIIrw-rtral rp~lt-,n ~nd inAtfument fif'J,d of view from points
in space. for variouil weapon yle:do, he~ilt8 of burst, meteorological conditions, and instru
ment orienbtions; (2) measurements 0{ radlant exposure of th(~rma1 energy scattered h;, ihe
atmosphere under various geometrh~fl and mpteorologlcal condlt ions; (3) photography of thp
fireb&11 in the red (6,800 to 8,800 A) and Jlue (3,400 to 4,500 A) regions of the 8pt~ctrum
for various weapon yl.@lds, heights of bur . meiPOTologlcal conditions; (4) photography of
various aJbe 10 aurfa('ea, such as the ear-h's surface, clouds, and the white shock-frothed
water surface; and ("J Bpectral photography, such as waR requirr,d with spectr08copk attach
ments mounted on N 9 cameras in the apectrlll region of 3,200 to 9,000 A.

Data requirements from other' projects and agencies included lS11pplementary Infl)rmation
req\ ired for L\terpn-tatton 1nd analvsis of the thermal measuremt!nts and such photographk
records as ab'craft positio 8 in apace, meteorological condUit-ns, wf'apon yield, height. of burat,
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Thf.' ('cllo! inwters and radinmf'h-rs wpn' furnished hy NRDL in s(-veral sensitivity ran~(-s 10

,'OVer ali antidpah'rt input valut'ti. Calihnition of thest' insti'unwnts was a,ccomplishpd hy NRDL
befort' and after tht" o}>t'raUon, uy thf' tltilL.'.:ttion 01 standard techniques. All data presented
was rc-duped at AFCRC usIng constants supplied by NRDL and Proj(·rts ~), it 5.2. 5,3, and 5.4
(contractors) .

2.5.1 Procedure. Essentially, the data rf>l:iuctinn for 'Ill' calorimders (a description of thp
NRDL Mark 6F calorimeter is Il;iven in Reference 6) consisted of the following':

1. Converting the galvanometer d~flection, al:i measured. to galvanometel' deflection ell!"

rected for the heat lost by the instrument through conduction and radiation. 'I':,is step corrt~

sponds to correcting the soUd curve of Figure 2.14 to the dashed eurve of the same figure.
This is a typical calorimeter prcnlem.

2. Convprting the C'orrectr-d f l.\'anometl'r scale deflpdions to millivolts across the thel'mo
couple, to temperatun' rise, and to energy r£'ceived during the course of thp event.

3, Correcting fo!' the average reflectivity of the windows lnd filt.ers.
4. DUfe nHating numeri.cally the resulting curve of radiant exposure in respect to time to

obta in thi> 11 ldiancy.
The redu\. .ion of the radiometer data followed it similar pro{,i.~durp essentially, except for

Stepo 1 and 4.
Two calihrations of ea.ch calorimeter and radiometer wt!rc made, both at NRDL. The instru

ments were precalibratcd bdore they were mounted on t.he aircraft. At the condusion of Op
eration Rcdwtng, the instruments were dismounted and 'ihipped to NRDL for a postcalibration.
It was thi~ postcal1bration that was used tn the final reduction of thf> data. Both caUbrationl:l
were marie In the laboratory with neither window nor filter in fl'ont of th{' detector surface,
Table 2.4 lists SOffit' of the calibration factors selel'ted at random.

An inspection of Table 2.4 shows that th~ calorimet.ers were appan'lltly more stablE" toward
holding thetr ('alibration than were the radiometers. However, th,..' difft'!"cllce in the pre- and
po~tcaUbraUonfactors wtll not complet,.ly explain the randomn('ss of.he data as observed. For
one thing, a two-point calibration in which the instruments havt- the variation shown gives no
reHable information as to the proper calibration factor for any partkular event. Furthermorf',
the variability in data (an cxample of which is shown in Figure 4.3) f,noicates th.i:!.t this pntkulaI
calibratiun technique may have UetHl inadequate. The data, howe'/E.'C', WaS not in a form where
it was possible to make detailed comparisons of the performaJh'e ot Bevt>ral individual calurim
eters or radiometers as a function of event.

As no facilities were available in the field for calihration purposes, Inrlividual filters or
quartz windows were not calibra'i:edl during tht· tt>!:)t sl'rie~. It was assuH"d that no rhangcs
occurred 1n the transmission prop(~rties of tht) filters 0(' windowi>- ThiS assumption may not
be uniformly true. considering th( intense heat to whkh the filtt.'r's Were subjectl·d. A l'prta'n
amount, of VaI'iancl' in calibratiun, Hot shown in Tabho 2..4. may ill' ascdllt'd to unoUEH>,"vpd
dlan~~t'tl that may have Oi't'urn-d tn till' propediHi of ttw fUh-rH.

2.!i.2 Filter Charaeteristk~. In Tabh' 3.4. flUt'n, used 0,1 thl' projed an' Hatt'ri tov;,-thel'
witMhe wavelendh rt>jl,lons throll~h whi<'h they transmit f'ne1'HY.

SI.md.lIrd COl uinR fHh'rs WN'(' u~~f·d to <iPh'rmine the amO'lJnt of radiant Pnt-r",y that can I",
pxpettf>d in v:adous broad r'~:~'l1s of HIf' sv,·('trum hdwl'l'n 0.2 and 4.5 microns. For da.ta 1'0J.'

ledt-d und('r thN''It' dreum'''Itann'loj to lw uf ~n'atest utiiity, it is ni,'C(>sHary to know 1n df'j dl, tht·
transmissjo'[l propf~rtil'6 Oi till' fUft'nl a~l a fundi"'!lf wavt'14,'nKth. Idt'ally, this knowlf·r.!Kt· shOll

('xh'nd tn Hw ipf'dral t ('an~misstlln propC'l'tt(·s 01 du' l,tti.'I'vl·nbl', ;~lm08pht'r(' ,md HnaHy to tlU'
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enet' 7) as t.hat ~hown In FiKlit'C 2.15. From tht' fiK\J!"e, it win ht' ohservpd that apprmdmatl!'1y
two-thirds of the f'nergy (64 percent) from a whlte"our('t~ would bp transmtttt~et within th£' nOIll'
inalltmits of 0.9 to 2.5 microns. Similar stah.'menlH "'ail bt' made about the other Cilh'r8.

In stlme respe('ts, the statements made are a bit misleading, becam.,e some of these flltel'li
transmit. a signllirant amount of energy outside the llroits given. This st~tt'ment is reinforet~d

when these filters are t~oupled to a moist PacUic atmosphere and a high-temperature SOu'r·~.

In this case, th~ absorption by watf'r vapor has only a few window:! tn the infrared spectra! r.'
gion, while the absorption by the same water vapor allows a much greater percentage of erwrgy
to be transmitted in the visible ,;pectral region. This is furthpr enhancf>d by the inc!"C'aseu ratio
of visible to Infrared radiation emitted by a high-lemperaturf.' source. S\tch arguments wert'
used as the basis of filter limits tabulated in Table 3.4.

2.fi PHOTOORAPHIC CALIBRATION AND DATA REDUCTION

2.6.1 Development and Sensitometry. Aftef each dt'tonaUon, the fUms were processed by
EG&G personnel in their field unit. Processed under the sam£' conditions was a strip of fUm
that had been .'xposed with a step tablet and an EG&G Mark VI sensitometer. The fUms were
developed to a gamma (contrast} of about 1.0. The step tablet was an Eastman Kodak 2, with
21 steps and dpnsiUcs up to 3.0. The sensitor.leter used an FT 110 Xenon lamp. at 5,0( mder
candle seconds; in sonIc cases this eXlJOsure was r"duced by use (Jf a mask. The laml' tsh
time waIF about the same as the fidd shutter Ume, roughly 1 msee, to minimize recipro 'tty'·
faUure dfects. Wrisltten W29 red and W36 + 'leA blue fUters were used on the Red and Blue
fUm strips, respectively. These filters do not have the same characteristics a.s the Jena fil
ters, and the lamp does not, of lourse, have the same spectral compolJit1on as the light from
the detonation; this is expected to introduce only a small error in the calibration (Flgu re 176
of Reference 8). Unfortunately, however, the sensitometric expoHUre was often insufficient to
expose the fUm to the high photographic densities observed in the field. Furthermor(~, 80mc
of the step tablelo were lost in tnm81! ha<'k to the cOI,Unental United States.

2.13.2 Microdens1tometry. A Jarrell-Ash Company Jaco JA 2310 recording microphotolTwt,>r
Wll~ modified to accept tC~c fUm reels llnd to read optical density instead of transmission. Vlith
it, the optical density of the fUms could be measured semiautomatically. The instrument n>
corded ("arrow-beam) 'l:~~ical densities from 0 to 4. " sfHlsed by a 931-A photomultiplier, on a
Bristol b~rtp chart recorder. The tma.ge of the frame could be projected onto a gt'ound-glass
viewh'·~ 8creen, with Hne'lr magniftcation 15X. A reUcule was placed over #hlR 8t'rf'en to lorah
the scan positions. The micTodensltometer s11t was 8('t at 55 by 100 mlcrOllH liS a COnl(JroOltse
between resolution and spnblitlvlty without ,.'x:r.es~tve noise. Tht' Rllt height appeal's on the photo 
graphs (Figures A.I through A.256 in the Appendix) t(l the right of symbol". 1" ; noh' that it is
not as small ~t8 could be desired. SlmHarl~' the sC<f11111n(( 8~ed WaR d'IOsen as 2.5 mm/mtn; the
time for a complete horlzonto.l scali 18 atfOut .. rnlmtf'R. 'The sh\gt· on whkh the fUm was mount 
It'd could be rot.ated, and scans through varlolli!J fe •• tures on each fr~'l1e ('ould be htkf'n. A typkal
trace i8 shown in Figure 2.16. The noise Is prp'8u'ilably dup to the granularity of the fUm (H\'~'

Chapter 24 and especially Figure 358 of Rt'(('rf>nce 8).
'rhe imalj;e ,'in Hw vkwiiaK S(~rt~en of ea('h of th~ f ..;tows that was fll'aIllled was photogr.!ptlPd

wlth;it Ltn.hof Technika camera fitted with a Land P()~al'()td ual'k. An llHa('hm,'ut to Hit" mino'
dena!tometer console allowffl the camera to ht' quickly HWlJnK iflt.\) pusitlon" Polano~d -t8L (Hm.
which makf'8 a lK>sltive transpal'enl'y, waH Vlit'd; it'Onl thi.8 h,UlHP:-Al'('IU'V !'nlaQ"'~t"nu'fltH Wf'~'" m,uh'"
SUth enl,argemcnts are stxlwn in the Appendix,
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Uw tpntri.Hil til ;'" dynamk r:mgf' of lH'ip;htrw8s(,1.! below Hi';, 'J.'~IP HHuation is t,\s<y,r~,vat('d Ill' ,If'

tlP;ttill~ of th..~ lenti£<l'}/ HH~:'rs. anr1 :.,t\ii'f t'xtl'trl<l! ca.nerJ, r-artfi dUl'in~ tJ~f': ilf'1"ilIaJ pulst-. and
hy dust ~nrl s!'imy on ttl!' lfms.'8. FlH";;lermol'~', th(' fir.£"ball typkaHy COH:TS an ~mpG!'bnt fr~"t'

lion of t:H' 1"U·Ai~·X'a fj,~ld ~,f view, llwl l'>(l th(>l'~> iN a larg(~ ...moun!. of light AvaHahh' to be s~'1H\,...tr~d

nt.'r UIl' dlnmif'r' hJ ~'?; (,f thl" pooto(U'aphH.
1"1' , e,:~I:::'h'lIn' of Hlls fl~xe U~~t ts borm' I'ut '.,!I' the aU>f.>do measur~ments 01 Chapter 4, ~n

whkh ilw Inw"s( ~H)(~dn ~.,ints, near tht, photograph ('dges, 1r«;' n('VeL' h:'ss bri~ht than 10 ';
Unwb t'w ;"di,~hh'st firt'b,ul surf:u:£' areas. Conseqm>ntly, the lowest br':.~htnt"ssp<Jints ill'i' &.tb
ju't to 8(!l",'>' f,'rniT, and 11l',li,I.. :tS of lo,/-inter:slty me',lsu["t'ments must. he lnh'rpn·ted l:lu!fuHy,

2.t3A Analyslfl of Mlrrod«'l"saoni1f?ter Records. Hurtpr ar.rl DriUi('ld cunt's (H and D, ctt'i'"
~Uy-v...-;;~·~nlog ~'xvo;rurcT~'u,.· th.;' variouH mmlS that Wl.:",N' sCf\I1J1.ed were prepiirpd f t(, ...1t~H1 hltA"

HltiZt'd f11m strips, Tht' micrwienbltom..'tI.'r tra(:es could be a,nalyzed with Ui~ aid of tran!'~J..n"lj

,~lastk Iti';all'fi, plltrravt'd wtth the ~,Pllropr1att> reticule ~"ldwork n'Jmbers; the!".!.:' enablpd :;Iw
hrit(~!lf~"'H at v;U'ious ~"81t1ons on th~ Im~e of the fi\lckar dt.'fcma.Uot/ to b? found. Brlghtneo:ts
maps t.--'1 8t?lpc'rt !nuilC's were pl"'epared (Chapter (), and hJQllhot conhlur maps wert' madf' hy
('o"n{l{'HH~ up points of ~ual tl'lghtrtP.8H.

2.7 SPEC'e'ROORAPHIC DATA REDUCTION ANI' CALIDRATION

,'-\t AFCR " thE' SJlt'dl:oU Hlms were n'duc(~et ~rou.~h USE' of a microdenGltonwter h.\ CUTVPli

oi film dE'n~ity v{~r8UH wa'Vf:~length, Hand D curV£3 Wf:'re tht>n c~:m8tructe<1 at selected wavt>
l~ngti':,tl h 911, \tll' ~h:_'p slit calibration and th~ dtmellth·g at 100-A internls c()nvert.~d to rclativ,;,
In;"nI,,~tles. ThE' /tldaUon uf rdaUve int~\1slty with wav~lengtbdue !o emultilon t'NiPOUBt.' and
in~trunH'nt transr,.huJl....n Wiil9 corn.'cted l,hroup;h calibration of HIt" instramt?nt and fUnl <t!lCil.1nst
~,~ tungstr.'n etand;;u',1 J~mp 6'.JppHed lioy th~ Nat1oll.~l BUre;l\l of Standards"



Grol.lIld
'6-47 ,b'S;:, a-~7 i --t.t ~tat1on

ClwrQJlN x :x- x x X

L&el'Of'M1 X x :x
~l.inl :II: 'I: X x
E~lll x x x
::~1l1noll1 x x X

YIDl&
n ..u.ed. A X Jl; X J:

B1lICltf'>ot X X X

Inca )f, x x
N..,aJo x x x x x
HUI'ClIl x :It :It 1 X

Dao'rot.. x ;'11: x x x
c....
UekapGO x x x
.It*m A x :r. x x
I't)haw x X x x x
Te",a 7!l x'& ,.... xl' xa

.. Partlcireiloa 111 thi.....at. 11M planaed only it JUllt.itled
bee.usa or not. IIllqu1r1n{l: aurt1c1er.t data on other shott!.

'J',WLE :l,:": SHoT STATISTICS

Shot Date
------,,--- -- ---'-APproxlrruitc ------- -----

1~()(~:ltl(m T~'n>' ShotYield ,J r- ,
--. _.------.- .._---... _-- -- -. ----.---------------- ·--'hi--"--'--------'----

I ,:Ie l'IlS9(' " 1\1a)' Eniwctllk, YvmuK' a9.rl Sur'f:II'('

( 'hl'I'.,kf.'(' :ll 1\1:1\ !',ikini, CI!,u'lh.' :l,HOO ,\ iI' drop l}Vel' w;;lu,'

~n S ,000 feel

ZUlli :':'H ;\1 :lV IIB;!ni, l':It"l' :I,:IHO S~II'f:IC(~

Yllma :!/-l 1\1 :l.V Eniwdok, Sally II .19 :":OO-fool 11lWI'1'

Erit' :11 l\lav E niwt'lok, ,"vonnL' 14,9 ;IOO-foot IpWt'l'

&:nlinolc Ii .]\lnt' E IIi Wl!t ok, h'plll' n.7 SUl'f:w('

Flat/wad 1:; ,JUIlI.' lIi1d III , off Do~ :1Ii:-, Har~l'

lIlac!-I'ool 1:: June 1';lIiwdoh. , )'vollnt' ~.:-, :~Otl-k"t tllWt< I'

I' il'k:tpllo I Ii Junt' ,':niwl'lo"-, Sally 1.19 :lOo-foot lower

Osage lH .Jur",,' J-:nlwetol. , Yvormt' 1.7 Ai I' drop at 700 fl'l't

I1l1':1 2~~ .JIlUP E IIi wl'lllk • Pearl It: " :!OO-foot IOWIH'J,w

DlI.kota ;;C ,Junt· HJld"i, on D.'K 1 ,lOO B:lr~('

J\foh'l'vk :1 Jlll.v Eniwotok, Huhv :,\liO :100 - fllot t OWl')'

lip,wll(' !1.July ,\.; ni w!'\ ok, 1\1 ihc 1'I';IIl'!' 1,!HiO 11:1 J'~l'

N:lvaj" 11 ,Ill!Y Bikini, oft' I ),,~~ " ,;1011 Baqr,e

TI~w;l :~ 1 .J'dy Bikini, llff J)o~ '1,litHI 11:1 !'V;l'

IIBI'OIl :!.~ Jill,\' I:nlwptok, 1\1 i k" I'ra\.,,')" ~fito II:,,\~!;

- __~_ •• ______ ~ L __ .. - _.- - -~. -,- - -.- _. - . .-,. --_. _. _.- -'-
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0.:2 to 4.5
0.2 to 4.. 5
Ow? to 2.5
0.:2 to 4.5
0.2 to 4.~

0,,'7 to, 2.~

0.90 t-.o .'.5
;~,.O t.;.\ ;:.5
()~.:l to 4.5
(1.~ t,,, 4.'i

o.:.? t~) 4.~

D• ..! t"'J 4. ~
O. 'S to ;'. S

0.57 to ,~.:..
0.«;1 tel ;:. ~i

, 0.57 to 0.7
n.J4 to 0.45
0.7 to 0.88

0.!02 to 0.59
0.J4 to 0.7

:2
1
1
1
:3

1
1
1
1
1

],
],

1
1
1

:1
:2
:2

J and 4
J

10
10, 17, 2S
10, 17, 25
:l5 to lW

10

Q&a&rta. n.t
Q\.'art.s. fut
J-09. t}&t
2-7), n.t

2-55 0 tlat 1
w.:',-8(J••) .nt
7-56, rat,
GP 7-56, nAt ,
(,),aart.., daM I
Q'.a,vt." rMit I

I
~.l\. flat
QuArts 40-.
RO-6(J~c /(MI
l,,~.)·tl'lt flat
Quart., tlat

PD lIIId/ot' e.G '
Blu., (00 12)
Red, (RG-8)
S..o~or'"
NODI

1
6
2

2
2
2
1
1

1

-;

J
1
1
2

2
lUi' ~
1 or ~

2
1

CN,ol'a.t.JIr
Calort.lt.e1"1ll
Calort.ter
Calon-ten
Calort..ten

R.tl0.ten
C~or~'-n

Calor_tel'
CalOI'a. toeI'
Calort..toeN

Cal,·ra.toerw
Calor1Mt.N
Calor~teN

I Calor~t.-tr

Calor~t..lr

I
I
I

I
I C_SW

I

C_ru
C_ru
C_....

I
r...ra

C..ru
I C..r~

-1.______ _.

ti..l
Itil
fU
A.':"'1.
111

All
All
All
tt-47
B-~2

All
All
All
All
All

All
All
All

Il-'S7 ~ B-tl6
8-47

!i-52
!Ht

.. Ail'Cl'att lncorpar ,tine .p.etroaoo;.a in t.he 1.&11 1Det~Dtation (8-57. B~) had 0"" red
fUt.cNd and 0 .. blue ('Uwl'd C_N in this statlon (Station 1. P'18'Uft 2.1).

b or the -.:IdUlonal .u c... ru on the 9-66, loo....ct at Station 2, F1~ 2.1. t~n wn fitted
w1th 'roct1'Olcop". The,tl.r tour 0...... wn fiUed v1t.h 1...... Md tUte"' which wre
re'piNel t" o!)te.1n ttw w"U.Uonal W0JWlt1on po.aiblM bec~ or pc.tr;y. Thl1 e..n
!D)unt VU or1.enwd to t .. NU Imd )0 dogree. ore the wrtloaJ..

!',\HLE~..l (' ,\LU\HATI()N I'ACTOHS

I( F -11. ,o;iti 17:,: LJ·t - 0 ,I:!
ltV-Ill-I::;;' l.t ; I.H7 10.0 I
HF-lO-W~ I.HO 1 ,7 'j - II 0:1

HI" ·;'0-1:i9 10.1,7 9, :1:1 .-. It q
IU' - :)() .01liO 704 91~ f f· ~:I

!IF-::;O··\li:.,' l(l.:'~ H.Ii:l - 0 .:.~11

WII-lIi:! 1I.:lf)·1 (I . ri~:, 10.0;.

WH-19:! 0;170 (I.liI:l I f1.'17

WH-I9;\ f) .fi82 0, :)77 --fUll

11K-PI 1 ..... t . ;!Ii -11.01._.
IlK-;t7 0.470 0 t:l1 ··Ol/Ii

IlK-I1!t o ,n:. O.4:l,. 0

IIK·"t:. I ~,~·I 1.:! I o .II:!
HK-,~;:lfl 1 .:~O 1.11, - 0 ,o:!
JlK-~~li 1.14 n, flUI!

,,'\. t:mdnm sampll' of radiomc I.e.!}" ~U1d callH'j nwh'l' cal i lll'ation lacturs, Thl'

!:',I,l.iI,taUon tlnit is c:tl/cm2-scc-mv Lll' till' radltllllc1cl' and eal/cm2-Olv 101'

lil(' e:IJor'!nwtc 1' .
._ ..-. _.., -. -.,--..----.------ ...----.-----..- ... -.- - ---~~a('t(,rii'-·---- ----l\-=~\
h1&:rWf;'!.'n! 1."'81~I\;l.t!!ln .. - --- -.-- _
__.' __ ._,_, " . _...., .._. __J~I~~;I~I~II':t!~(~~J \~,,-'~'!.~2·~i! i"ratio~~~_.!.!. _

Hadiomdv I'
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Figure 2.6 Tail inBtrumentatlon mount. 8-47 (r('ar vi£>w).

,
. '16"

•

••

Fi~urt' 2.7 Tail instrullwntation mount. B- 47 (sidl> v il"w).
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(j f,.;. •. ',., ,
7-i~' -j ·~I' .. ~~

,
Figure 2.8 Tail instrumt'ntation mo'mt, 8-52 (rtl;u' view). Thp ,'anwra
cover plate 1s removed. Note the two differ"nt Si7.(,8 of lens('s 011 the
four cameras on the left. This wat> an attempt to Jbta in a large fin~ball

ima~w, with a hedge a~ainst missing it E'nttrply by use of the It'ns with a
larger field of view on the second pair .

....
j

., .
.f' ~~,

,
_ ," -;,~,t"F

~. '.~ ".~.

" ".' .'

Fi~uce 2,9 TaU instrunl£>ntation mount, B 52 (side vi('w).
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J:o'igt1rt' 2.10 TaU instrumentation mount, 8-57 (rear vi('w). This pidure
shows a departure from the bask instrum('ntaUon in that two of the hottom
four cam('ra8 weI'£' normally ('I'uipped with sp('ctroscopic attactunents. Th{~

configuration shown h(TL' ,vas fur maximum numbt'r of fireuall records.

Fi~un' 2.11 Tail illairunwntaUoll mount. B-57 (side view).
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Fir'" 2 .12 Tail insh'urm'ntation mount, Jl-66 (rl'al' vit·w).
T:~i~ photograph was tak!'11 an(· .. a mission on witit'll tilt' air
('raft had c!l'vdopt'd a ~maU hydl"aulk h'ak, hut ti\l' dirt and
molsturt' on tht' instrUllwnlation wat:l not unusual.

, .~
•

•-,,"

Flgurp 2.13 Tail lnstrullwntation mount, B-136 (sid!' vit·w).
The (';,l,ml'ra cover plate is remov(~d. This was till: hask
('onfiv,ur'aUoll of ins~I'uml'lllatlon tOl" tbis Olin ..:!tL
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Chapter 3

RESULTS

In all, thflrt' were 17 nuclear exploslolUl, of which 11 had 8uccessful coverage by some or aU
of the a.lrborne lnatruDlentaUol1 installed in the four aircraft. The positions of the aircraft~t

time zero are hat,ed in ~ble 3.1.

3.1 CALORIMETER AND RADIOMETER RESULTS

These result. are pre.ented In several tables and figures. Table 3.2 presents a summary
of t'le effectiven"•• of thll; thermal measurement portion 01 the effort. Aircraft showing ov.:rall
zero! e.uU. either aborted the mh!lsion or had complete recorder failure.

Table 3.3 present.• the tht:rmal data, fully cQ!"rected for all In.trum~mtal calibrations. The
figure8 "how the radiant expr ~~re and lrradiance m. a function of time for typical exposures of
calorimeter. and radiometera. 8-52 results ~re not pre.em,'1" t>ecause the required electrical
calibration cOiUltants were not avaHable prior to compleUo, of data reduction. The tabulated
results are conaidered final.

Durirw ~ive event. "Seminole, Blackfoot, Kickapoo, Oeace, and Yuma), no aircraft partici
pated. During two eventa (Navajo and Tewp.) three aircraft participated. During three event.
(Lacrolse, Erie, and Inca) two aircraft participated. Durlrll leven event. (Cherokve, Zuni,
Flathead, Dakota, Mohawk, Apache, and Huron), four aircraft participated. The.e tigure.
(Tat'e 3.2) include aircraft that .ubeequently aborted or had recorder failure. During Mohawk
and Huron, the B-47 wu po.moned for side load. and so obt,ained minimal thf;rmal records,

3.1.1 Summary of Cumulative Thermal Radltdlon Data. Th~ data presented in Table 3.3 may
be cOlUlldered as Ii summary of the principal thermal effects of this series of tests. The col
umns give the follOWing information.

Column I ,i v...s the Shot name and the approximate yIeld In kilotons,
Column D indicates the type of in.trument uaed (C for calorimeter and R for radiometer),

the field of view of the in.trument (1n ceneral, either 90· or 160°), and the type of filter employed,
The filterl are de.cribed in Chapter 2. The fmer designations and spectral characteristics are
given in Table 3.4. Fo' examplt..', a calorimeter having: a 90° field of vie v and transmitting in
the wavelength region ~rom 0.7 to 2.5 mlcrone i. Hsted in Column IT of TabJe 3.3 am C-90-A.
SQmilarly, a radiorr,~ter with a 90" field of view transmitting in the wavelength region of 0.2 to
4.5 microne is 118te(.> in the table a. R-90·~.

Column m gives the aircraft type less li '''''Y1ber designation B, the pos1tion (staUon) of the
Instrume!1t in the aircraft, and a letter expre.,81ug the orientation of the instrument. The letter
F l.ndicates an instrument pointing directly at the fireball, whereas the letter V (vertical) indi
catel an instrument wholle receiving surface wu parallel to and viewing the lurface of the earth.
The letterl BS (representing back8catter) denote a calQrimeter In front of either the pHot's
cane;>y or the rear upper dome (StaUols 3 or 4j. ThU8 in Column m. an instrument located in
th taU 01 a B~57 (Statlon 1) pointlng directly at the" ireball wo'lld be de.crlbed by the symbols
57 1-F, Similarly an instrument located 01' the undtlraide of l.ie fuselage of a 8-47 (Station 2)
directed to view the water lurface beneath the aircraft would be coded as 47-2-V.

The range at the Um,> of maximum Irradiancc gh'e:o: in Colunm IV was cholen as the repre
sentaUve .range to describe the event., Becau.e the sp.-·ed and Ct'ICSe t ,{ he aircraft (outbound
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.~.~ • _" • ••~_~....~ ~,&"&""l UVIU LU" r.Vr.IU. 1\8 a reSUH. l( 18 poSSible to consider the
aircraft's range constant during the entire period in whlch stgnificant amounts of thermal ra
diation were being received. Using thl8~ssumpti.on. the error made in the determination of
Q due to the divergence of the thermal radi:ltion as the aircraft moved away from the source
is small and can be neglected. The radiant exposure Q need not be and is not corrl eted for
the small change in range that occurred.

Column V expresses thf! best estimate of the Iota I radiant exposure experienced by an air
craft in terms of calories per square centimeter of calorimeter detecting surface.

Column VI expresses the best estimate of the maximum rate at which each square cp.ntimlete!
of radiometer detecUr..g surface was accepting the thermal energy from the device.

Columns vn~ vm, and IX have been added for comparison and an~lysis purposes. Colun1i1

VO expressf~ the quantity QD2/W where Q is the radiant exposure in caVcm2• D is the 1I"ang.·
of the aircral; at the time of maximum irradiance in units of kilometers, and W is the yield in
kUotons. This parametric form of presentaHon was chosen because this parameter admits of
ready comparison with the Icaling data given in Reference 1. From elemen~aryphysical argu
ments, it ia expected that this parameter will be r.elatively conlt,llnL For convenience, the
apeclflc thermal enefly ia defined as

QD% cal-km2

E:: W cmLkt (3.1)

Column vm 'a thfl total radiN••t exposure of the vertically oriented recelveral of Column V
multiplied by the sttcant of the angle (J liS defined in Figure 3.1. Thifl is done to remove the
ohllquity factor tendil1i to decreaae the radiant 'lux received by a vertically oriented receiver
over one viewing the fireball direcUy.

Column IX ahon the effective value of E obtained from the vertically pointing calorimeters.
A comparison of Column IX with Column VO will help to decide whether or not the albedo of the
surfac. can be determined.

3.1.2 Tim. Hi.tory of Thermal Radiation Meas\lrements. A large amount of thermal data
...TaJuln in th" couree of the project, a11 of which was time-dependent. In the preceding sec
tlon, this time-dependency was effectively eliminated in order to ehow total or cumulative
thumal .fi~ct.. Thia data i. probably in the most useful form from the old operational point
of view. The eclentlfic value of the data i9 enhanced by knowing the thnerate of change of both
the radiant expoaure and the irradianee. In this .ection, the data obtained by certain calorim
eten ar.d radiom 1lel"I as a function of t\me i6 presented for famiUarizaUon purposes. The
<tRta 1e judced to be typical. Shot Dakota was selected as the thermonuclear event to be pre
ll.ntH when po.. lbAe. It was In the megaton range and was the malt completely documenteJ
_hot photograr'li"a ly. Unloltunately, the backscattered radiation was not successfully mellS
urlld for th,'i ,., N:r!t. In.tead, the backscattered radiation observed during Shot Tewa has been
.ubetltuted. \ 'ie.cripUon of thio selected data follow•.

Filur<S1I ;; l ;.and 3.3 ehow the timo-dependence of the radiant exposure and the irradiance as
obeernd fre ,I a 8-57 whose alutude and horizontal ranee lilt time zero were 17,650 and 25.020
feet, f. lipeC! lvely. The alrcralt was on an outbound lrack. Figures 3.4 and 3.5 similarly ,how
the Hille aequence of radiant exposure and the irradiancr as observed from a B-66. The B-66
waa fly Inc an outbounci track at an aUHude of 16,000 feet and horizontal ranae of 13.100 feet at
Ume zero_ Becaus. both aircraft wer~ IJlmultaneouely observini the flrebaU in Shot Dakot.a,
the dtfference in values of th~rmal !"xposure and frndiance are due to the different alant ranges
of the two ~llrcraft. Apart from th . ,ange effect. and the internal inconsistencies mentioned



same trend is shown for the filtered calorimetern also. In aetdlt1on, the total radiant exposure
is a function uf the l\oocf ral limits of the filter and the transmissivJtieH d fHter and ~tmm~ph~re

1n the transmitted 8pt:dral range.
Figure 3.3 points Ull the variaUon with time of the rate at which the energy is received. A

lugarithmic time sCCtle has been used, be' luse it is felt that this plot emphasizes the tlme
dependence better. In a conveltHonal plol of irradiance versus time, the area under the rurv£'
is proportional to radlaut exposure. In Figure 3.3 this relationship is implied only.

Figure 3.6 presents plots of radiant exposure versus time as viewed by three calor£meters
at the same st~tion during Shot Apache. A discussion of variations in this data is pn'sented in
Chapter 4.

3.1.3 Backscattered Radiation. Another important phase of the thermal program was the
investigation of the amount -of f'nergy scattered into the a~rcrew space by the clou.ds and air In
the half hemisphere ahead of the aircraft. Because of the orientation and the aperture of the
instruments, scattered radiation from a considerable portion of tht 13ky ahead of the aircraft
was received. This radiation will be refer: ed to as backscattered radiation or simply back
scatter. The total backscattered radiant exposure for those events whe.re this parameter wu
successfully observed 1S given in Table 3.5. In general, the radiant exposure is of the order of
a few tenths of 1 percent of the radiant eXp:>8ure reeeiveo directly from the fireball.

Table 3.5 gives ali of the data that has been received on the backscattered radiation. Th(>
range and approximate device size ha.ve been included for the convenience of the reader. The
most important information i8 obtain1!d from the last column, which gives the ratio of the aver
age backscattered radiant exposure QBS to the average radiant exposure received from the fire
ball QF' Except for Flathead where the ratio appears to be abnormally hl~h. the remaIning
ratlos are of the Name order of magnitude. 1. e .. 1 x 10-3 to 5 )( 10-3 • Although there ap~ars

to be some trend showing a decrt'lse of the raUo QaslQF as the device 8ize inCrf"UleS, consid
eration should be given to the thil J and fifth columns before any conclusion. are drawn. Tht's'"
two columns are the individua~ values of the radiant exposure fl'om which the ratio in the lal:tt
column i. constructed. There is large variabiUty in the data.

Further refinement in the analysis of the ba.ckscattered data does not seom jultUfled because
of the paucity of the data and the lack of knowledge of the details of the environment under which
the data was collected. For example. the cloud cover is known only by convenUonml meteoroloi
ieal description. As the purpose of this experiment was to mea.ura typical thermal exposurea
experienced by the aircrew under the conditions of the test, the mission Is accomplilllhed if the
meaaured values given in Table 3.5 are !nterpreted as ordor ot magnitude results.

3.2 PHOTOGRAPHIC RESULTS

In tM. section a de.JcripUon of l"cpresentaUveseries of photographs of each of the t1etorUlUons,
is presented. Shot Mohawk~ huwcvf'r, io not presented. bec,llus19 the thick cloud layer. obscured
dotaU: nor are Yuma, Seminole, Blackfoot, Kickapoo, and O881e, whkh did not have photoaraph
ie coverqe. Each series was cho8.~n on the hasia of the quality of it. photographs and iu point·
log up ~he principal feoatutes of the l:etonaUon. Furthermore, a repre8entative group of pictures
are de6crl.bIffi, in that Red and Blue and Polaroid photographs taken fron~ seweral altitude analolt
under condlUons in whlfn the flreb.·tl itself covers various fradlons of toe field of view (that ia,
the cameras used ler..6. vf v"ulou& toea} length) were chosen for display. ""he photogJ'aphlll are
presented as Appendix A. i'~ield co 'erage of the various detonations, and Lle film records suc
cessfully obtained, are Hsted in Ta 'le 3.6. Not all the photographic l'CCOrdft obtained a. e of
high enough quality for analysis; fOI example, none ! the Inca serieH yield useful informaH'Jn
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....111 .... Ut!!I"lI. ~ \nHmmUml, la, "U, ..~. Of) (S'cond maximum). il f ), 115. 150, 200, 250, 325,
375, 4,25; and even Carther 1C ~nything of intere;:t s(nws on the phu'ograph.. Occasionally other
fram*!:1I; ,~I 0 shown also.

The photo"raph&, prl>senied as f.ppendix. A, ar,' reproductions of enlargements ot negaUves
taken with the Polaroid camera, of the J}rojE'ction of the original fUm on the ground glass screel
.,! the mlcrodf>n8Uometer (Chapter' 2). Consi!!quently, ai least four reproduct1ons art.~ involved,
a.nd some dehlU i. nel~e.lIllrU)' lost. Furthermore, t.he latitude 01 the printo is low, and occa
sionally, detail of tht: br'llhter rc.~ature8 has been sa('riHced in OI"d(~r to show up the dimmer
one'. 8u<:h as cloudll. alr shock, and leiands.

3.2.1 Qualitative Plcture 01 a Detonation. !,'or orientation purposes thN'e is pre8ented here
a. Bhort descriptlon of the variou8 facets of ri'uclear d.etonation contributing to the thermal nux,
as observed ln the 8evenllllerlt;& or photographs; a more detailed dh'cu88ion is glvtm in till' nex
chapter, The aircraft al'e typiclI.11y at f'levation angle. ranging from 19° to 85°, (as seen from
ground zero) 1" level f'lteht radially away from the explosion aite, The slant ranges vary from
11,000 feet for the lowest yleld dt'vicell (15,5 kilotons) to about 50,000 fe('t hI<' the lUKest (5
meJatofl8). The detonations ,;.lre water or low tower shots, with the f'xceptton "f Cheroktee whlet
wa. an all' burst, and LacroeiltJ (17 feet above ground 8urfa(:e).

F ram e Z e r o. The camera shutter operating at 64 frames per aecond ill aUernat.,ly open
for 1 maec and eloaed for l~ mlelc. The camerltlll are not .ynchronized with time zero, nol'

with onl! anothel';' ,naequently Frame Zero will occur at a dlfff!!rent time on each camera llud
at any time extendlna f'rom time zero (the detonation occurring Juat ... the shutter il dOlllna)
up to about zero +15 m.ec. Actually during thf:' l-me.,c "hutter Ume, there 1s considerable
fir("'a11 development for llmall bombs and/or vcry early Urnes, 1"01' flxllmple, for Dakota the
flrf )a11 radii'. grows to 250 feet ln the flrlllt mHlh.e(~()nd, lind to 330 t'o!.~t In the .f'!(~()nd millisec
ond time lnterval.

!ted Frame Zero8 are Chl. "ach"rized by a bright, symmetric Ureb811. which lHumlnat"l!I the
cloude, lalanda, and air in the field of view. The correspondlns blue frame. are far lee8 bl'lghl
and in fact are often ml.Bed Illtocether. In no caee 1.. the blue lllht from the fll't!baH surround··
ihiS jnhm80 t!'noulh for lbJ anlular dlstrlb\J'lon to be ml!laaurable with hilh Rccuracy.

Dip t (l )"1 in I mum. The frame. lmmedlately following FraOlf!' Zero show a fireball of

larger radlua and dlminllllh4!ld surface brl&htne.., No out.ide lilt ruchu!"" 18 yet apparent. Gen
erally the blue flux 18 below thCi threshold o~ the fll n \, and the biue tmille dit'aaJ~.r.. During
thia period, ~oolvldu.l hot .pot.,_·- local areu of brqlhtnc~... ".-.. appear; their moUon, outward
with the expandlna flrebftH, can hi! .l>tt~rvttd, althouah the blur. flr('lbaU continuum (~ompletely

dl.appttara (&ectlon ".4.IL Th4l)rRud flux minlmum OCCUrlli at rou,ehly 0.0031 /W second; where
W 111 the yhlld (,I the wea»lQn 10 kUotonll; thi. 1. at about, Frame 1 for Erle (14.,* kt) and G"rame
14 for' Navajo (4,500 kl), After minimum. the 8urfa,ce IJrllh.tne.. 01, the fireball inCrea,II\1tA
asaln.

DevQlopmenl of Shock Froth. AIJHurpt,lon Shell. and l)l\lnlt·. At mlnhnun
I'he .hock wave .epara.tttfl from the fireball (brea.kawa)'); an~i lIldVam'ell ahe.d of it, rougl~illg up
the watlf.'r audae., and ma.lna: it a rather lood dlfful'Ie reflector (shock froth). An ab8orbing,
d,uk concentric envelope (absorptlon IlIheU) ap~a.t'. about theflrebaU in flUghtly later f'rllmet'l.
11,e outllnel of the flrf.lbaH U.elf are somewhat fuuy; lht! apparent radiu. of the lumtnou'l Ure
ball orten appear. to deerealle JUI . ,,,,\h~" minimum.

At the t,op o( the flrebaU 1. obhencd iii, .mal! b~lght, IlIrelt (the plum~,) which darkons aoo IroWI
tllIJUCc.~eecUnc .tram.." 'nUll plume Ob8(~\ir.e8 In late frame.. an l\lPI~l'edablc fr~dlon or till!! thel"""
J'lldaatlml flolnc ~lpw.rd lI'om the br'ight fln~bilil. The." h!<lture;t of thfl nnl'bail ar ohown l!Iche·,
maUcr.:lly In Fl&un~ 3:1.
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I,

,"

...-" g ........... ~v OVDC ..a UC&IIIDYIIOC:&&\.:iIlL Itlll&Y~ ,It a ('lU.,6 u'om {ne aetonauon sue. The plume be-

cornel almost ae larg' as tIle fireball itsel.1 The atr shode. striking nearby clouds causes then
to evapo..>rate; tllhl has lilt:' effect of reducing th~ fractlon of lhe thermal flux that is scatlered
from cloude (cloud albedo). At very late Urnes, the lowered pre8sure behind the shock front
~aU!Je8 clouds to re,,{oll'm (Wilson cloud effect); a ring (Hke a circular amphlthe:der) of these
cloud~ 18 8een around the now-dim Oreball, the risen Ii reball renlaining unob8cured from most
alrer'aft viewing angles. In aeneral, dense clouds can reduce (by absor;pUot1) the thermal flux
from the fireball, or (by reflection) increase the flux by a considerable amount.

3.2.2 Shot Erie. .A photographic §erica of this 14.Q-kt shot, 18 preflented in Figures A.I
throucii" A.15. This detonation was on a 300·foot tower. The island (Yvonne) and nearby reefs
show clearly from the 70° alttitude angle. Frame Zero is found by a,ppl1catlon of the shor.K theor
to occur at 10 m&ec alter detonation; thi8 is 2 msac before breakaway, which occurs between
Frame Zero and Frame 1. The absorption shell shows clearly in Framell I through 5, and le88
dea.rly thereafter. Note the Jagged 8hape of the fireball and the va,rlable thickness of the ab
sorption ehell, the exterior' outHnfl of. which i8 more regular; the absorption shell does not fol
low the shape of the surface of the luminous rellon. In Frame 1 the th1cknells of thl» rins is
about 50 feet, and it ie quite opaque; no island feature. are vl.lble through it. The fireball is
then Bome ~~O feet In radiWi and touchea the Iround.

By Frame 2 some of the detaUs of the" f".t" of the laland are viaible through tbe absorption
shell (thll Is not obvloua on the print) and In Frames 3, ., and 5 the abtlorptlon ahell becomes
increaailllly trallsparent. This decrease ill opacity of the abaorption ehell h. thus observed for
8urface bursts of all yields from nominal kiloton to at le..t 5 Mt.

The shock. froth 1. definitely brlahter than are the .. 1..... of the ieland; this is observed aleo
in Shots Flathead (Section 3.:l.5) and Dakota (8ectlor, 3.2.11).

The air shock "how" falntly in Frame 5 and 1n Frame 8 at st/cond t~Clrmal flux maximum.
Puffs of dust k.1cked up on the island are clearly vl.ib~.; the, liv. the ahock froth ita apparently
roueh front In fram•• near second maximum. The fir.taU of t1l1. particular relatively small
weapon evolve. lnto a diamond .hape (Frame 18 8t ae.q); no plume i. lIesrJ. Note tnt>' ahadow
ca.t by the dust cloud on tho .hock froth (Frame 24). The duat cloud Iltaelf has high albedo;
note the brIght puff. on the reef at 3.0, 38.~ in Framtl 30. 8y Frame 39, however, 1t appears
that the ahock Wilve i. ral.ina very little more du.t from the coral ret,f.

The plume of tnla tower 8hot (dur1na which the flreball did not touch the around until about
aecond thermal nux maximum) Is cOll8p1cuouIJly abaent.

3.2.3 Staot I.,aero...e. The photOf{raphic aerias of thll 39.5-kt shot 1. presented in FlIures
A. frthroUlhA.li. Th';•• Blue photoarltphs of a land- water (shoreline) detonaUon are takcm
from lin altitude aucl" of about 615°,. The detonation took place 17 f••t 5~V. around level.

Two Frrunell Zero are .hown, to illustrate the crlUcallty of the ptlotoaraphlc reproduction.
Rocket tnU••how de...." to the ,~ llht of the d\9tonaUon aite. The fireball 1s .een to b& qUlte
uymmetrlc. It 1, understood thllt, In this test det.onaUon. a conaiJerablct amount of matter WAS

around d,he Wttapon, and presumably, th.. detonation i. perturbed by the uymmetry of the 8ite.
In Frame 1 lIome structure i••Ull apparent, but the outeide rim of the fireball 1. quite .ymmet
tric; note th., hat .pot. and the larse dark ceiltral I!rea wh1ch has a thin bT'lIht rim.

Minimum occur. between ....rame. 1 and :4. In ,"rame 2, thi. central are. 8howl bright, am
it doe. in Frame 3, wlMre a con..iderable 8'tructure 1s apin apparent. The brllht knot has a
rilli 1l1l"OUnd it re.ernbUf\I a miniature absorption ahell. By F"rame 13, lIecond therm1l1maxi
mum, the plum~ 18 1l1ready con' ~·lntl almo.t half of thi. projected aroa of the fh'eballi.

The I,ack of illumination of the n..,ltr &'lidEI of the "hock froth IS peculiar and may be due to
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1s 1t well resolved on a test mlcrodens1tmnetric trace; but 1t8 exuuence l& mQlCatea OJ tne very
bright right·,hand shock troth in Frame 9, a,r.d the genera~ fluctuatlons ill shock froth brightness
seen throughout the series. Another noteworthy feature is the group of horizontal dark lines in

the left-hand shock froth, in Fumes 13, 18, mnd 23; these may be shadows of structures near-by
In later frames the 45" streak on the left side of the flreball, which first shows in Frame 3, in
stm vle\blc.

It 1a noteworthy that the characteristic blue air shock attenuation, seen 1n all other ::llue
8eries, does not show in these photographs.

3.2.4 Shot Huron. The photosraphic series of thi8 250-~ : shot 1. presented In Filures A.29
throuch A.it. Thil .erles shows the routine Blue behavior: a dim Frame Zero (which ahows
conaidll!rable limb darkl. nllll in a dt'nsUometer trace), hot and dark apota~ the horizontal flreba1i
belt Hne, and ob.curatiQn behind the fireball. At thi8 somewhat lowana1t! (49°) the intensity
minimum in the ..hock (roth is not pronounced, el8p9dally in the foreground (compare Flathead,
next .ection). As wu obaerved with Dakota and Flathead, the Blue island albedo is well leas
than the shock froth albedo. T' 3 Blue obscuration by the plume 1s clearly lesa than for Lacro8s

3.2.5 Soot Flathead. The Blue eeries for thl. 38S-kt shot ls viewed froD'~ only So from the
vertical (Figures A.42 throuch A.56). The hot spota in Frame 4 (minimum) aeem to be concen
trated near the Ureball Hmba, away from the center. In Frame 18 the shock froth and itl. mid
Une briahtneaa minimum are visible; note how this rine of minimum brllhtne.s within the ahock
froth brilhtens with increui. time. 'nIis ia one of the seriea tbilt Ilves evidence for the 81 e
absorption of the air ahock (Section 4.4.5). A brllht rinc (tidal wave albedo?) appeare within
the aworptlon shell. The ahock froth albedo at this leometry, calculated wUh the 85 percent
subtraction as described in Section 3.2.11, is 1.8 tim•• as Ireat .. the i.land albedo. This
apin 18 in contrut to what is observed in the complementary Red pholoaraph8 (not ahown). In
the Red, the ieland outside the ahock froth has the aame albedo u the ahock froth, to Within
about 7 percent; but when the island ia inaide tho ahock front, ita corrected albedo faUs to about
(1/1.6) of the shock froth value.

From this similar hleh anglil! of view the oblcuratlon by the plume is aignally le88 than for
Lacrosse.

3.2.8 Shot Apache. The photocraphlc .erl.s of thil I.9-Mt .hot la pre.ented in F1lUres A.51
throuah A.n, Three series of photographs of this water detonation are soom, a Red series
and a Polaroid pair.

Red S e l' ie a. Thia IrouP of picture. ls of int.l"est beauae the camera was fitted with a
neutral deMit, 2 fUter. COn8equent1y~ the brLchtneas.s are reduced by rouah1ya factor 10
below the other Red seriea shown, and certain features are optically reaOlYN on the film. The
fireballl. only faintly vlalb1e 6n the orlcina1 neealive at minimum; the dark belt ahow.::; in Fram
19 and 3G. A Ican across thl. belt ahow. it to be AOme 20 percent lea. bright than the aurrounc
iOl reeiOD (su;-h a difference in a Hne 18 euUy mi••ed on the denaitometer trace, without Ii gui
tna vlaual identification); tbe lo....r sepent of the Urebal!, 1s pnerally le•• brllht than the upp
l>nd till. vertical effect 11 alao oo.erved 1n the other Red tracea. Another feature oollerved in
the Blue pbotocrapha, and only rarely ln the other. more denae, R.cI onea, is the nreball puffi
ne•• at late (rame•. Scau of Frame. '8 and 88 (second thermal flux maximum) ahow that the
fireball haa very llttle 11mb darkeni",; tbia 1. the same behavior u that ob:'lened or the Dakotl
Red fUms, .,ith both neutral denaily 1 and with no neutrai Hiter. Thls indicates that the chara,
tertsUe flat, ,p of the Red microdeuitometer trace 1a not an effect of lnatrum~ntalor photo
graphic aaturatlon.
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Polaroid SerieB. In this low tngle (~19°) series, the horizontally polarized Frame

Zero (37219) occurs a few millisecond uefore the vertiealh. polarized Frame Ztc'ro. The phot.o
graphs have less exposure than the Dakuta polarized pair, since the lens was stopped to f/16
in6tead of t/5.6 and a neutral density 1 filter was used.

In Frame Zero the light specularly reflected from the water surface i8 clearly visible. At
theSE angles between the aircraft and the (extended fireball, Fresnel's laws predict roughly 20
percent specular reUectlon for IJ and 5 percent reHecUon for ep; this is quaUtativety borne out
by the photographs. The total albedo drops off quite sharply at the sldes of the reflected image
of the fireball. This points 1.!P the fact that, at this luw angle at least, the Lambert W.Iltt!f al
bedo i8 small compared to the specular albedo.

In Frame 19 no difference betw,~en the two planes of palaril-atton 1s resolvabie. Evidence
of the absorption shell appears, and above this dark region is i. bright topknct some 600 feet
across, which is destined to become part of the plume (Frame 39). The hor1zontal belt and a
lens structure of the flreball, show clearly on these photographs. The specular reflection from
the water. of the Hght from the f) Ii-reball, shows up to Frame 148; in the ep photographs, it is
barely resolvable in Frames 58 through 106. The specular nature of this reflection i8 empha
slzed by the sharpness of the shadow at 3.7, 35.7 of the cloud above it 011 the photographs. What
~I'pear8 to be a r.eef (off island Gene) 1s lllumlnated on the lower r1ght of these 0 photographs.

Note that th.. specularly reflected light from the unshocked water surface, is more intense
han the adjacent shock froth albedo at thin low angle. In this forward d1rection, there appew.rs

1.0 be a diminution ui the Shock froth br!~htne8s (c mpared to the brightness on the side:). This
is in contrast to the higher angle Polaroid observations of Dakota (Sectlon 3.2.11). Presumably
this darkening in the line of sight 1s due to self-shadowing by the roughness of the shocked water,
which is here seen at nearly grazing incidence.

Another feature of these photographs ls the narrow bright ring L,. the water surface inside
the absorptlon shell, which is visible in bot', polari7;ations as well as in the Apache Red photo
graphs. In .~rame 148 a (spurious) streak has de\'eloped on the upper right of the 1> series.
A separtHon and rise of the fireball is "isillie in late lr.ames.

3.2.7 Shot Zu"i. The photlJgraphlc l:Jerws of this 3.38-Mt shot is presented as F1gures A.80
through A.92. This RP-d ser1es is taken from an observation angle of 25°, which 10 6° higher
than the Apache Polaroids.

In Frame Zero the relatively large number of local clouds i8 brightly illuminated; the fire
ball 18 not well reproduced, but it shows clearly in the original negative. Frame 12 (min1mum)
shows rather large hot spots and the horizontal dar~', belt, as well as the structure effects only
occasionally resolved in the Red. The limb darkening here is quite apparent. In Frame 27 the
abaorptlon shell is seen to obscure Ught from the upper-right cloud, which is unusual in acting
as an excellent viewing screen. The plume has a bJ:'lght, luminous .. lown about 500 feet across,
which has evole,'ed from the large hot spot at 3.1, 38.2 in Frame 12. By Frames 55 and 83 this
brlght area haa cooled to such a degree that it is no longer distinct from the rest of the plume.

The obs,~uraUonQf tI e cloud by t 'e absorption shell is even more clearly shown on Framp. 55.
Fran,es 83 .\00 12.1 have been prlnteJ to show the innt> " absorption shell, which is b~ight but sUll
transpar"nt to the light from th~ sho~k froth on the Bode of the fireball. In Frame 121 (second
thermal nux maximum) the narrow (- 150-foot) bright ring on the water at 6.0, 37.0 shows in
slde the absorption shell. This ring appears to evolve into the wate(' wave which appears in
F-ames 165 et seq. and whh~h is a donlinaUng feature l.n Frame 459. By Frame 212 there IS
evidence of the rsing of the fireball; it is quite well separated from its base by 'P~c me 368.
Note that the dim inner absorption shell Hlls up this deav~e (Frames 286 through 459). The
outer absorbing region is resolvable on all the originai photngraphk frames.
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completelless and in the interest of showing some of the qualitative facets on the only m~gaton'

range air detonation in the series (Figures A.93 through A.lOB).
The situation of roor resolution is complicat.ed by the large number of cumulus and cirrus

clouds in the field of view of the camera. Th' fireball at first appears like a bright orange
sun (the colors shown by the Kodachrome are not to be taken too serlously r )tH~a\'me of possible
saturation effects) which has a specular reflection in the water, similar to Ulat, (If the Apache
Polaroids except for the effect ot' the 5,OOO-foot altitude of burst; this reflection hi visible up
to Frame ~39. The fireball appears white in the Kodachromes in frames nearsec:ond thermal
maximum. The ail shock touches the w..ter at about Frame 38; however, neither ,8hot:(~k froth
nor any ab~ur!lti';n shell are resulved b.1l the Kodachrome pictures. Thp. fireball Hhoutd touch
the water surface at maturity, about Frame 100; this also is not observed. In Frame8 :Hl et
seq. the old fireball appears to start to split in two ahout a horizontal centerline. W\\hmn
clouds, not clearly indicated in the reproductlonl:l, enclose the fireball at late times I(:~ iF'rame
200).

3.2.9 Shot Navajo. This is a rather routine Red seriee for this 4.5-Mt detonation (Filtl:UA'I?S

A.109 through A.l27). The bright area that is to becomE' the plume shows a dark ring ar'ound
it in Frames 11 through 32, much like an absorption shell; however. part ,f this may well bo
the dark smoke of the developing p~,ume undern£'ath the bright topknot (note the low-angh~ Apt\che
and Zuni views showing the topknot above the plume); but the local absorption shell is largel;
than the plume at this time (see, for example, Frame 24), and tUs cannot be the full explanu.:\:1.on.

A flaw in the optical system shows as a dark streak in tb' lowe.r right from Jo'rame 15 Olll; IImd
there is lens fogging from Frames 141 through 321. Wilson cloud is visible in Frames 650 et
seq. One feature that does not show in the reproductions, is that the absorption shell is notlne··
able up to Frame 950.

3.2.10 Shot Tewa. This is also a routine Red series, albeit a rather dim one, for this 4.6.
Mt ahot (Figures A.l28 through A.140). Note that the all' light in F'nme Zero is not very intense,
and that the horizontal befurcation of the fireball shows up through Frame 66 (hall the time to
second therm&l maximum). It is hard to reconcile this loss in surface brightness of the bottom
part of the fireball with the photogrammetric paeameters; the slant range of 50,000 feet is not
anywhere near large enough to explain the 108s as being due to increased attenuation (Chapter
4). The fireball surface structure shows clearly in late frames.

3.2.11 Shot Dakota. In this sectlon are prE'~ent(>d commentary pertinent to eleven Meries of
photographs from this 1.1-Mt shot (Figures A.l41 through A.256). The photognphs serve to
point out the important features to be discussed in Chapter 4, as well as the les5 critical ones
that merit only a passing notice because of theAr small influence on the thermal fh1x.

The photographs include one Red-Blue patr from each of the four aircraft; one Poiaroid
pair; and a single Blue telephoto series complementary to a Rpl-Blue pair (some of the other
Red-Blue pairs are telephoto also). The details of the photogreillhY are given in Table 3.7. ~ot

all the Sertes show the same frames, a .. there were some cases of lens fogging or other mal
funcUon; and some of the B'ue photographs are so underexposed that frames before 2/3 tmaxII
are not shown. In general, however, an attempt wae made to show Frames Zero, 7 (minimum),
15, 30, 45, 66, 90, 115, 150, 200, 250. ~',~5, 375, and 425, (at. which Hnv; !-I5 perccllt of the
integrated thermal flux has been emitted) . g being representative uf the course of the thermal
pulse from the detonation. Other photogr. tlhs appeal' in SOnll' of the series.

Red-Blue Pair (Figures A.233 through A.256). Thls is a typic:'" pair, with
good Red-Blue comparison; the two framee at second thermal maximum will 'he discussed in
detail in Section 4.5.2. The Blue fireball is not vinible at i :ermal minimum. In Frame 20 Ui.~

plume has a hrJght c~r()wn.
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{rom the wat~r ;'Judace. The explanation of thIs phenomenon is not dear; the belfl may he re
lated to a shock wave refleded from tht! water Bnrface (Mach .(rmll;). Th~ ptmtographli do not
allow a~lY upward motion ~'J be l:"esolved. This belt 18 rmmlvablp. deoait.ometrl('ally up to Fr~me

ao (it is noticeable at the limbs of the Hrt"ball i.n the pru:!'.og.'aphY). Ii is :l~·mt ;~{jC feet 1n width
(In the vertical dlrecUon), and io. Fra,aes 30, 40, ",nd 50 Ih; apparent hl'lght.neas (uncorrected
for alr-light) Is about half that of ita ndghlondng fireball points. Tht~ iJelt 1~ usually vl8ibl~ la
the Blue and Polak'Oid photographs; it is not :qeen ill 36300 Red, but it ie vi~lb)e k many of thl~

other Red IUH'1e8.

The blfufcation of the shock froth al1d tlU! iluscuratiun by the cbocked al..- ~how very wdJ. 1n
the Blue. In plldlcu14r, in Frames !)(I th.rough 70, the lI.fSht. 1:'mn the lalalld to the rlt~ht of th~

flreball ie etroitgly atten~lated as it passes through the aIr shock.
In late frames the Blue fl~eban at{2.in :i.ppears high.ly st £'udured. or puffy. This rr>UKhneel'J

Is of COU1'8e seen on the mlcrodengitometer tra.l~t:'l'iL The \f~rHcal streaks on Frame ~7 an':! on
some other Red frames are due to faulty photog~aphieprb·tlng.

Red-Blue Pair (F'lgures A.205 t.hrou.gh A.215). TheshuUeroftheRedFramc
Zero opens at TIme Zero pl~s 0.003 second; the actual fireball subtenda only 1 %" on thefUm~

althoush it appears much la:r~er in the reproductlon oe<:ause of the short density !:Icale of '.he
phQtographic paper. The Red ;&lr shock is vtl"J~ble in Frames 30 and 45 (athH' this t.he If.HIB sys·
tern becomes clouded). The orIginal nluf; ne~~hve was Rl~l'atch~d, a.nd t.he photographic demlitlcH
rather low. Note the dark belt on the Biue fireball in Frames 3:'\ and ';'5.

Red .. B 1u ePa I r (F 1g u r e fJ A. 14 1 t h r 0 ugh A. 15 B, and A. 1 7 2 t h r () ugh A. 182)
The qualitative view uf the general behavIor of the alr-light befor~ It l.8 masked by the shoe'
froth after breakaway, appears In Framu l) through 4 of the Red 8eri(~B. The growth of the nre
ball up throuch ~tame 10 is clearly 6hown. Note the t:<Jt ~pot8 in FramC3 5 t;,rough 10. Llmb
da rkenlng is quite apparent, and seems to increase, 1n Frames 6 through to. B"eakaw~AY o(~(,:I1l'S

before Frame 8, wh\'n the shock froth is j\J4~t v1sible. A hint of the hot'h:ontal Hreball dark
belt, .vhi~h is more ea.slly obs')fved 1n the Blue, Oill(.leU"s in Frames f.I and 9; however. it la not
resolvable 1n Frames 15, et seq. Note that the darkened limb develops lnto tho absorption shell
(Frames 9, 10, 15), whIch appears qultil! opaque in all frames. Th(~8e pIctures Ahow th(~ dlffl
culty of (".a1culaU~ the abaorpUon coefficient o( t.his shell: there ~8 cons1dea'able fh.:attered light
from both the shockod and ulU!lhocked air.

The lsland (Dol) appears to have a small cluud ovel' it (this mny be some local lmperl. «.'Hon
1n the cam~ra or fUtor 8y.'~em; It appearo in later frames but It i8 not observed In the Blue).
The raUo of shock froth to average island al~do, corrected for air-light by subtracUon of as
per("ent of the nelghborl!11 water contribution (Sectlon ".5.2), 18 atrout 1.25 to 1 (1.25). Since
the ullcrodensltometer trace shows the unevellO,':88 and gralnlnetis t!:'vldent on the photographs,
tMs raUG cl.nnot be found with good accuracy.

The Blue photocrapha show th~ characlerlsUc dimness of the fireball in the nellthbo!"hood u(
thermal flux min1mum. In FraPle 13 several hot apots are vlst.b!e, fur exampll!.', the dlagona.l
pah' near 6.8, 38.2; by Frame 1~ the flrebllll continuum 6how'~ dimly. Near 38"iS,L5 IA a r01a··
tively large structured bright regIon on frames 13, 14, and. that lu ad80clated wlth I: he V1unlt<:,
On the origlnal negaUvea the plume Is seen to begin to '1:, nl earUer and over a. v(>r)' UHH:h Jll..g~r'
area than this brllht region. The laUll;!, region tends Ii rem 1111 at or near the top of the plume;
eventually It dl1rkenl and ~!sappeai's.

In Blue Framt3s 66, 90, 115, and 150 the i.land Is within th~1 sl o(:k troth and albedoll flln bf~

compared. Ap;!, a camera malfunction, whIch produted the broad horl::o:ontal 8tr·ealJ.rl~l"08&

part of the 18lan, • interferad l'lomewhat with the measurement'!. Theratl08 (uncOlTecled lor
air-scattered light> of the shock fruth albedo!! to the averaKc 8hock~d IBland albedol. me148ured
In three frames, all 11e within 10 percent. of 1.2. Any cor-rectlon of tht8 flgUfte f'Or ,ilt~a(,llltltH'ed
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IIW ummut'KPU wau'r .lust ollttHc:te flip. s~t:I('k Ii'ott., If, however, Iiurh a lo('rcctlon h. made,
Iratiu of aluelimi gUi'E up to abuut 1.5; ;lnd jf ~n ;Hlju~tmN!i i~ n!';d.~ by eubt~:arHng only 50 pc
nml pf tria~' outside '~rightness the ratio Is 1.3. Thestl data nhuuld he reglolltded a8 rei;;trll'ted
HU' "h~u' nation ~H)~le (a.bout 60") and azimuth 4r~d angle of ~nridence (l'iee photog.... 'lph I of thi
'):"'l'n"liIlU. Ntlt~ that th£': Blue albedo ratio appf'ar:..; sum~wha( higher than the R(~(j (but :,ef
fllilowill~ tiecUun).

Red-Blue Pair (Figurea A.IH3 thrliugh A.204) and C(Jmplement~ry

Blue 'felpph';lto ('F!guI't'S A.159 through A.171). Tile Biuclelepholo:')(,'x'kli ~

the hot and dark sp<As, I he hori~untal belt (albeit pourly: Frame 30). and the bHlowpd r.q.nia
.Ji tl (,1'eIH~t"ll Hhape uf the luminpus area in latt- t~ 3 ;':, tmaxn) frames. WhHe thlfl :ShiP f>lr .
is generally 'lbllorbing (LifurraUon 01 ~hock froth, darkness 01 area jehind fireb.tU)~ H. ,;;ppe
failltly bright in the upper Iprt and ullf right of the fireball 1n Frames 66, 9(" and US"

Thl' ia~.u of dV! \Jncorrected 'lhock froth albedo to the island albedo, hl Fram.-s 90 :H~(! Il
ul ~ri"Js 359Z3. 11) close to 1.3. H this ratio is corrected by the usual aubh....'~ion uf 1.15 :.'1
ot th~> .orightneoB just out~ltje the shock troth (see the discuFsion In the last ..;ec~ Ion), H j Un~!
j .6; l{ 50 percel," of thlr ' Mneas is Hublt'acted, the raUo is between. ~ "',jO L5. 1'hp H'U
f'f.1l'ie~·vaHons appAy as i rln 9.6.3. [n Frame 90, attenuation of th~ "iiJlJt;..,.• ' ·'~t~, 'un thl
reef. ~HI it passes thl'OUKi. ,t: r,1J.r shock (ncar coordinates 1.5, .39.0), iM rlNt'/ .:t;}t""

Serie:: 1G233 and 3tJl36 will be dlsc...ssed in deta!'; '~ction 4.5.2 .. ht' BLuf! Hrp.t:..ll bel
does nl)t show ir !:- .';l!",le 4:1. The Rl';'d 1'1,(' "gra:ohs :iUOv. ~he shock ftol pabtih.~ over the 1s1:

This pah' of ptm l.1.'{I;t'..lphli gil; • 1\ goCK( compari19on of the plume proijf"rtle8. The Blue ph),
hi about 35 percent ': '.dld tt•.' .1 the RcJ at thermal tIme maximum ('Table 4.1 gl I, 'l.lJ 50 percell
wl(J(~r -it .~ t.p;r di' Tt'e Blue plun.e is dark, whllf> the Red plume has a brlrll~ 'nt ral area,
h.. '.larUcularly apparel t hi the fepnlducUons of l\ii.te k: 250) frames. TIl(' Red plum~ appear.
b.d , reasolll1\bly b.rlght thruughollt, its Table 4.18 indicates.

The raU')s uf the Red shock fro!il t(l the island albedos, correded for alr-li.g;l~ as indii.'atl
a,ld Me3surec III Frames 6C. 90, and U5, are an within 5 percent of 1.25. It appears from
the::se !'(!fl'Jlts, and frum UlOse of Flathe~d (SecU,ln 3.:'>'.5) that the Red albedo ratio 1111 somewt
lCf;;; lha" th': Blue albedo ~'ahu: r;hw'? the ,shark froth should be white (Section 4.5.2), this po
'IIJ tht' l;bservatU'll H•.tt thp i~ ..iH!d albedo Is l:igher at longer wavelengths, whlch ls a rather ~

WDtl prl>peA'ty of ~wcery surfaces.
Po lll. r,) i d P a I. r (F i g u r IJ fj A. 2 1 6 t h r 0 ugh A. 2 32 ). These photugraphs will be

dls','US8t'd lie detail in ~€'c~.,on 4.5.4. The, show tht': fireball belt, and the hut apots out to thl
firt~ball ed,ge; HIP d'Horptio 1 I:ihaU appearsalao at these wavelengths. As hl lnd1eated 1,1 Sec
4.5.4, ~r()8H d~~ll~renl'eti between the two pol;ar'l1:ations do not show ln th~ mh'k~ode"lsitomt?te.r

trnn;'8. Sl IIl,Hil app', ,.r ln HIP photographs. Since beth shutter opening Urne and reproducUOI
l'XP(1 ;,He dlUpt' amoflg frii'~n".:'8, l'ven within a F.Ierip8. th, _ppearance of brigM features 111 tnl
pl1otf)gr:lIllw-, parilt' ularly tht· ail' t;;:'aaerin~--Bhouldn.. bp taken as a quanUtative mea.iUrl
file' I l~h! let~s,

Mil. ,\~~,,'n8ilwq"l"r nn Vt's IIi ~~('i('d.{'d sp('dral f'"::Jm('H an~ presented in Flgure6 3.8 thl'oU
~ :v. Tht:' l'l.rVl"H pr.~!H,mk( HI eanl fitture arc arranged to ({Ive a rlH'ullOl0t\:h'Oll ~pec.trCi.J hi/-<
01 lfll' f",'PI,' l;plI,I', ~'/msideH'd Th..~e 'UP. cur ...eli of film demdty ven"U8 Nilvelength. The ~P'

.' 0

hal l't'H .. ;.luO!ou i~ iOA at 5.'mO A. Bei'aufle tlwrp waR no provlsJ(ill for timing ."llgnals on ttlf'
., II !JnH'W ",1"(' l'·latt'~ :" (ht', Ii nd f"Xv()S~et franll', which tH takpjl i;.; he z('ro timl'., At a fronn;1

i'<Ah' 1'1 U4 f"",IlOit'!:i!Rf'l", thlM nwant.. tlnd the timE'1S tjuotf'd hvre "H\1~d be In c.-rur hi 31:l "Huh OJ

16 nUl' (',

r;.'''PIll (''Camin.. thll' IlfF1KI" l'."i 3JJ t.h.O<Jk~' ';~. 1\::.\ It lm bl! 83Nl ibat all eVl~nls .Jpt'drally api

4\i'tl~ ~~mnar. Thf' eady l~ptdra pdllr' 10 U~J minimum an- "har,l( ierlzed by mUI~h jol,t nll'ture
llldll,~lo\t"llo{ tliCil' u.,.h~('uh.y ami/(..: atomh' t'misftlon ~md/or .. bf;;OJJlUOll pron~N:'l1N; an' Hw duruil\

SECIET



The Himilarity of spectnl det~ns from shot to shot call be Fleeo In Figure 3.20> ThfS 1M ii

('tH'llpcJsitt" of ( 'nsitom~tt"r traces of zero timt> spectra for He1 '1ral shots. Here 1t is ~t}lparellt

the: £ the principal stru(~ture is idenUcAl in aU the spedra.
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Figure 3.1 Geometry of a vertically oriented receiver. This tlhows the
combined influence of the obliquity factor f sec (} f and field of view of a
detector on the l:nergy received by a vertically oricnted rcceiver. The
receiver VPV' located at P views the fireball D units away at O. The
fireball size is given by the shaded hemh;phere about O. The acceptance
angle M' PM is 80 large that the direct l~adiation from 0 reaches VPV'.
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Figure 3.9 Chronological s~ct.!.·al history, Shot Chel:okee.
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Figure 3.10 Chrouologioal apectral history, Shot D!ikoi.a.
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Figure 3.11 Chronological spectral history, Shot Erie.
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Figure 3.12 CIu-ollological spectral history, Shot Flathead.
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Figure 3.13 Chronological spectral history, Shot Huron.
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Figure 3.14 Chronological spectral history, Shot Lacrosse.
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Figure 3.15 Chronological spectral history, Shot Mohawk.
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Figure 3.16 Chronological spectral hiotolj'. Shot Navajo.

77

SECRET

, .;

~~~~~~t:i~L'~:at5ij·{ ••~~·~:~'='TF~l1rht'7rtrt'J""!1i1ll'



o C)4'IIC

o oal IIC

0000 IIC.

o

o

ALT.:-11.000 'T,
s.1t.: 55.000 "'-,
O'AL

o
o

o

o

>...-en
z
&iJ
Q

2
..J-AI.

o

o~_-= 8 8 s;l 8 §
'" ., ~ CD
.. ., 'Of •

I •.....l-..! I I

WAVELENGTH IN ANGSTROM UNITS

Figure 3.1'1 Early time spectra" Shot Tewa.
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Figure 3.19 Chronological spectral history, Shot Zuni.
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Chapter 4

DISCUSSION

4.1 ATMOSPHERIC ATTENUATION

4.1.1 Absorption by the Atmoaph~rG. Much work baa been done on the absorption pro~rtle8

of atiiiOipheric water vapor and carbODcl1oxlde. Perbape the most complete mvestiaatwn fro~
the point of view of radiometry 18 in Reference 9. That repc,rt plus Reference 10 eUecUvel:J'
gives thft transm.issivity of air frc.m taw loa; wave ~nd of the visible ",ion to beyond the 6•••
micron band of _tel' vapor. To tbe prec18ion required in these t".ts, there 18 no .~n1flcarlt

absorption by any r ll the other permanent gues in the l'qe 0.2 to 4.5 microns except for lome
oXYi8n abtinrptlcn nuar 0.7 micron. Figure 4.1 shows the absorption spectrum construcwci for
the permanent i.tmosphel"lc gues and water vapor. 'rh1& spectrum 18 oonstructed under the
assumption of 60 mm of precipitable water and is oK the magni.tude and type used 1n analyzlQi
data recorded by B-57 calorimeters for Sbot Dakota. The fliUre li 8c~.ematlc only and absorp
tion '/alue!s eRn be ?btalned from the referenctJ& cited. Subsequent checking hu .hown that there
is no significant difference 1n th3 absorpUon spectntm of 60 mm of precipitable water as com
pared to the ambient 154 mm of prsc1pltable water for Dakota at time Zf""(). Also the prec1pltabl1!
WIlter path 1ncreaaed u the aircraft moved away from iround zero.

In the v1cinity of the event, the tem~ratu,-"a8 ILnd pressures are sullsl.ble for th0 formatlcn of
o:'f.Ldes of nltrOl~n. Of the8~ oxides, NOz alMl NzO. show strc:mg abaorptlon properties in the
visible. The ibsorptlon spectrum of the other oxides of nl.trogen are In the infrared beyond "
micronl. 'l1le NOzand NzO. ab.orptlon 8pt:ctra are i1ven as Figure 4.2. Th1s curve has be~••
constructed a.. a compot1te from data obtained from severalsourc8s (References 11 throUlh U/t

Although there may be other absorption paes 1n the path, the a.bove 18 ~ summary of the ab
sorption charactefistlC8 of those lues that a::"e known or suspected to exist in the atmospbere
surroundlne the detonation.

T;ililc 4.1 presenta tabulated vatu.a for the transmission of thermal eluu'IZ)' through Pacific
air for the detonat!ons analyzed In th18 report. A temperature of 3,OOO°l( is usumed for aU
evenbl except Erie (4,OOOOK) and Cherokee (6,OOOOK}. The transmlsliivltlc8 (T) &.r'e wen from
Figure 11 of :Reference 1, T· Fv + TwFIR where Fv' Tw' and FIR IUti def1ned in Chapter 1.
The water va~r coment w is expressed as millimeters of predpitable water.

4.1.2 Climatologicai Cond!tlons and Atmospheric Opbcal Effects. Table 4.2 canbdnli the
relevan(C'Umalcloglcal data for ttl, .ej,'i.ea cddetoNltloDli. J41~ 1t:t noteworthy that the cowUtiona
are 08C11'bly the same for &11 detonations. A typicnl figure for trae .ea-l~vel water vapor denait]
can be taken from the ~.1. cZta; it 11& ~1.6 aDli'I!1'. (Po. 22.4 IWlll of mercury.)

Lependence of atmali)' ,arie attenuation of t&: thermal radiation ~)n local meteorolotl'ical collf<ii
tiona, as well as the i~meral behavior 'Ji th1& phenomenon., ltii dllcuaaQC! 10 som. data1l1n Refer
ence:. Some further trtaatment la given In Reftiren~e 16. In wbat follows, it k l1ectiilllary to
make ttle Wlcal dwtlncUoal, beiween narrow-·beam (coU:...u~ed) and broad-beam detectle"n and
attenuation. The cwnera acUi lUI a narrow-~am detecting lnstrument when it loou at smaU,
sharp-qed feature',iGi' 14ultiple....catter~Q pr.owra.s orlglnatlug in such tetilOUS must have boU
fortultoWit direction and orhlntat1oh to appeu to come from a PGiL~ on the object. On the \>tber
hand, in tbe case of e.1.ertded lourcell (flNbdli soock froth, all" acatter) ~i:re 1i!QJ.,ld be could,
~ra.ble cro.liiwlk amt)n(C nelihbnrillg local area» btlcaWMe of ucaUerf.nl. and & bul~lup factor of
thu t1pe di.cuasecl id lWQU'81ilCe 1 Mbould be usttd. Furthermore, th1a 6eatter~ ooanponel1t mioy
lnterfere with the lnt~urpretaUo~of al1udl-arew. dam, and 1n fact thli will. bEl sh.own to be the CUt

in s8\-eral clrcucu.'tanceli.
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ea

(4.2)

(4.1,)

where w is the water path ~,:l ;,redpltable lInUl1m~ten. A !itraJa,.uorw.;.rd arcument, followln
a recipe for w qll.Oted 1.11 Equation i9 of Reference 1, live.

where Po lti the .ea-level vapcr prtti...ure of ntor 1I~ IlinUm1litt.~·1of mercury, and A and 8 til
altitude (An feet) and altitude anale 01 ,the pctint r.~ obaetvl.tlon. \'alu•• of Vi ror Dakota al'.
given in ''I~lc ,1)1.3, as are Ute tranami••wilM. <J\pln ~ll.urfaceuar., MliWD.od t'D be at craun
zero.) Not,e that the .,elective tranam1a.h>n 11 quite lUeultl~e to the watttr ~.th (as the for,m
of the equs,tlon verlflf:fa).

To flM the total wiodo'9f transmwalon, i1la nect""~y to multiply thla .,elective traumlasl
by a traosJ.u.18.ion factor apllfopl."late to fue viuibUlt1i that 11, a. factor that accoulWI :for the
Dcatt~rLna tw Dlo11cular aDd mlac\lllaneoua al!'borne particle... Thill fequlrea a ratMr bold 111
turpolaUon uf aome badly Ilcattertd dabl in Fia\u'l/! 14 ()f Reference 1'1; thla air-scatter factof l

au.cl tw, overall Red transmlB.fon, are Klven III the last column of Table 4.3. It can be liI"en U
the In.creued water I.beorptlon and dec.-euad scaUering roughly compensate on8 another, anc;J
that the narrow-beam aUenuaUoo of the.. atmospheres for the Red and Blue aystema will be,
senaibly, ahont the Am2. Furtbarmo;-oB, the buildup 1n the Red will be but little dUferent frol
thti in the Wue, and so Ute uncollbnated atmalpher1t atte4uatlon will be very clolle a180
(Reference 16).

here 18 o.o~ km-\ ('~lalce the meuurod attenuation was {ouad to be relaUvely waveleneth
iwleuillvl, tt-.e .ut:OOt coru:ludtKl ~t it lncluded a lat,e c(mtrlbutlol1 from .aa apray.) Thl.l
figure .boWel be t.'O£;t!~tredwith that derlvtld (rom Eq..wloni2 in Reference 1, which 1ii lerDlai
to th~ pre.&nt .ltWltun~. Tht.l aiV3M the Uluai relatlolllhlp oetween attenuation aDd v18lbUlty
(10 mU".), (attenuaUof1 coefficient) • 2.5/vislblUtyl per kUometer. Tbli formula gives a sea·
level autenuatlon c! O.21~/km for the acm1Dal vlllblUtlel 01 Table 4.2, in reuouble agreement
~Nltb Referenca 16. Now the obaervatlon palau {that 11, the aircraft) are of couree lu:t at sea
levo1, but at a rang.e 01 altitude angles Ireater than Ute; ther"fore, it 18 necelsary to uae the
methods of Refereoce 1 to take account of th1a effect lor calculating the attanuaUon cf the light
re=.chiDi the cameras.

The results of Much a calculation for Dalwta, usumlDi th6 sea-level nar:ow-o1!a1n a.~tenuao

tion coefficient to be 5.0 x to""" tt-t (vlsiblllty 15 miles) aft! shown ln Table 4.3. (The r~cu1a·

tlon aUlo ~es the tacit aaaumpUon tWi.t tbe scattering particles have the .am~ (expowotlal)
altitude dependence It' the air d2nslty.) The Nue is attenuated by about a factor 2 %W\.der tbt
typlcad conditlona. The ~alcuiatlon lihould be v~U.d for th..a Polarold pbotographs alao, that la,
up to wavelangUu:; *1,000 A. Th"st' c:uculationa assUTne that aU featur~1lI are at gruund zero,
and 80 are only 'lpproximate; in p&l'UCUW', the iireball surface extends a c0ll81dt!rlible diBtan~

alorog the line of sight. F'urthermol"e, because of the aforementionod buUdui~ effect, the flux
from the extended source regloN:l wlU be attenuated by Q far low0X' factor ~han that ahowtl in th
table.

Red Attel!uatiou. !n the neat-hdrared band of wavelengths passed by the Red (Uter,
6,800 to 0,00,0 A, there is some absorption by water va.lk>r but a reduced a.ttenuation by sca.tteJ
ina h'om lUolocul~& and aerosol pe.rticles.~ortur.atelyt~ls wavelengt~ barad i8 closely matcbt
to one of tba w1odowI:I treated in detail in Raf0rence 1'/. 7,000 ,~o 9,000 A. For an atmosphere th
iii very clear 1n tile visible, it 1&, found!!lat 1n th1a u.-i.Ddow the (coUima~) !'lelective transmis·
sion Tc,:I fits the form\.'l:1



at any ,lV6R arcIe, to the path hlillth t,ow~;rd ~ht1: zenith). it was loand that OVtlr the range of
1.04 to 7.01 alr m&,\8.ee, tb' fonowl~ ~e-l~ hl 'within the experlmenta~ uror: (1) 1!'lteR81t1ee re
cord~d u a fUnCUllti of ~velengti1 fQr th~ 4(j" neld of view qU&rtz dl {uler Yarled wUh air mass
An ~ manner conalahtnt with t,~e Ra]11e&an~catterlnlcalci.!laUonti of It. (erence 18, and (2) tnten·,
slU•••-ecol'ded aa a funcUol'l ct ·n.y~tenath for the 160" fi.ld (If vle. Old dlffuaer .bowed no
variahoD wUb alr mu*. Thi3 ~ In agreem~nt wltl\. the wAde anal~ Ica',-:erlnar; calculation. of
Rflfer~nce ID.

The eoiar luhm.!UUea meruur~ wAtn tht;! quw.rtz dl!fuaer were corrected usi.. the dats of
R.efe~nce 18 and flUed to Wien'. ~,pproxtml.t1onto Planck's ",'W. The lntenliU.1 measured with
thz oPJJ dJfiU4U were fat dtrectly tC'i W!I~m'C\1 1&11' witb 00 oorr4'Jct!on !or a~nlo.pbt)ric .cattttrl....
'''rom too d~, II /lI.,riu of eo!ar color tempqtfltlur". nre obtalf!M. 1'able ".4 /reaenu a tabu
iation of the81l f..,8\llu, tog.t~Gr wltb the color tem~ra.tun.dettH :nlnlKl from _ almUar treat
men~ of the data I, I\efq,rtmC88 18. 20 and 21.

The aver!lgtJ 101a.1· spectral Ln,.enalU•• ,extTapoillted to zero air nta•••• nieuured on Enlwetok
agree In abeolu~e value to witltln * 21 percftn~. wUh tOO:lle liven in Reference 20, It 1. f.U that
this Is all lndi,cation of ~he h1&'tlt!lt. degr.ee of Iil.CCUfliCY that l~au be eX,ptlded from an, field meas
ur ments made with the spectrogr'aph deacrlbed in Chaptlltf 2; In i'~nerlll, thC' error. wUl be
~rt ·,ter.

M a refl,i.! (;~ this ~t·ansml.lullon.tud,", aU d';lta tllken with the qUllIrtz dlftuaer was corrected
u,u'C' the s' IlttC'lrri~ coeUlclente 01 ReferenCE! 18. anc no correc:.tlor,6 were applied to the data
taken with the 160° opal dUfuaer.

4.2 ANALVSIS OF CALORIMETER AND RADIOMi:T!;R DATA

4.2.1 Date ReUabtUty. A. do.e Inspection ,of Table 3.3 indicate. that the data il not as homo
,en8Oua u mllii"tiiedeelred ot" eX);Wdet.L This lack. of homos.nelty can beat be Hluatratect by
p10tUnc (0)11. at the cata glven in Column va U II function of the lllant. ranee for the lnatant when
maximum irratllanttt WU recorded. lbl. ~ilot of E 'V4!r.U8 D ill ih'eQ I'. Fl8ure 4.3.

In F~re 4.3 dat.Q :i'~lm three different alrcr.·aft·-- Dw 4?, B··57, and B-GG-are plotted for
theae devlc.l ttuat were pt>aitlonet1 Oit bara",'~ wtdcb 'MU'" of the lal"pAlt yield, IUlel for two lqwer
yield to~~r detonations. AU in.trum.nta viewtld the fitebaH dintcUy tb!'OUCh quam wlndo••
A preUmll\ary lnv••tt.catlon .howed no .lgn.ifieant dUfet'1ce betn,tlh the IMtr\~n,'«d~t8 wlth a 90·
neld (it vLewa.nd tho.e with a 160" field of \'lew. From ~ acute •.3 li~v"l'I.l stahu11"ntl can be
madl,.

L A ial'lit amount of varlablUtJ CUtlets amoll{l tb8 vllr10uiI iMt,nnMmtaon thllt lame aircraft
purportl,. to be re~crdlni thfi a.me .\'~. nt. An iupectlon 01' Uw orlilul Nicordll tt.nd procel.ed
data Indicate. that In many CU~••aturaUi)n .Uect8 occurred, wblch caul""" u.. uadi•• to be
low. A v.,.UicaUo.... of ~.hla point can be obtained throuah .. c.:ompctrl8on of IIM>ma of the dab! where
fUten ...re u.ec1 with the ~.alorlmet.rM and t,he data wbtu'''' fn~.n wtU'fl! not lJlJj*,.!n .n.m~ ~uel!l.

the fmel dak. aho..,1 rlAdlant .xpoaure. Ir...t~r than tho.e recorded b1 t.he unfUt~rl1Kl calorlmetera.
From Tabl.., 3.3 t tor eumple, in Sbot Dakotl b unckr th~ 8 w ·n aircraft!. a compstrlaoll of tile 8ixth
entry wHb the elab~h entry _how. that the ehefIY in the waYeiensth N'I'ilQn from 0." to 2,,5 microns
i. If'e.ter than tha.t Qver the enUre .pert,..l ,,~.,lon h'om 0.2 to •.6 micron.. In olh..,r ellae•• tht
hlt~rat~ r$!diometer data ebon vaiue", of thf) radlaot expo"ure comparable to the b!.&b.eat value.
of tilt' uNAltered calorimete:n. Theradlomet~i'.1n every ('..ace had • quartlr. 'MMOW I' 80 that the
!nt"l'rated h'aullomet~rdab, should 1J'" i..omparable wUh thfl unfmflr-oO calodme~erlll.

In 8Krl:a.MJ1t)n of these elf(jda U ~, :, ootltd that thermal damqe to the flitefllll and f.1f./ll\i(.~w!lJ b~

comrut,n ,'.lOO (~an ~Mny(' the ~r~n,mlhw.l(,'n .::harade1'l8Uc8 of the Yt1ndowe during :the :f,lell:'&od (if 'he
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cldent on the detector. AlthoUCb the po!ll.~bUlty extet8 t~t .owe hU!ltrument. m:ty indicate high
and that this e,rror la not removlId by callbntlon, the W8'lght of tbe ~'l!~nr:e indicates tnat the
low values are in error. Usinc these hlgllest values, there i8 In ma.ny cues iood qreement
between calorimete1'8 4lnd radlomet~r'I fOl _Ilven event and airel·aft.

Typical calorimeter data is ehown tn 'taur. 3.6. A common problem i8 Uiuatrj,\ttd bere.
Three calorimeten located in th~ liame al'craft at the same station 81multanovu.ly recelve
radiant eneflY from Shot Apache. M lncU :ued on the dlqram, the three calorlmetef'l had.
Quartz window. and either 80~ or 00' aeJ.ds of vlew. The dlf!~rence. between curve. cannot b*
u(",i'ibed t.o varlationa in fleld of \I 'wi a ~eneral analyal. of tbe results sbo_ 00 corn'.a.tton
here. Althougb it appears that owe.t curve can be broUCht into reuonabie oolncldence with
the two upper curvell thro\llh mUlupllcaUon by a con.tant (in effect a uew calibration factor), n,
nonaubjectlve evl'llenee that 1. available permlts dolq thill. Theae instruments are prellumed l
be caUbrated in abeolute units and In the abaenee of evidenc" to the contrary, thia callbration
m~8t be acrepted.

2. The average vAlue of thfl spedLc thermal eneraY from barae shotll I••hown .. the soUd
horizontal Une of Flgure 4.3. Thill figure lncHeates a reucnable usumption for the .poclflc
th~i'm.tl ~nergy under these condition. 18 E • 1.3-kmo/cmz.kt. The .lant raDiI!! 18 re.tricted tc
be In exce81 of 5 km. U ~rWilt1onal data from two tower .hotl l8 a".raced In with the barse clat
th~ average valuE' of E t:",~onu~s 1.4 ~al-km2/cm2-)rt. This ind.penonce of ranee 18 expected,
because a consideration of the wttter VI.por lpectrum md the hl«h _ter vapor content Qf tropic
Pacific all' leads to the concluilion that only a ahort (h.tance Ie required to r~move nearly aU 0

the energy 'aUing within the water vapor absorption banda. An IIl8~ctlonof the laat column of
Table 4.1 Ulultratee the magnltud. of ttl. var,atlon In to~l traumi••ion that occurs In molat
Pacific air. No haze correction baa been made nor hU a corr~ctlon been made for atmocple,r
gues other than water vapor. With the excepUon of nUrocan dlolllde who.e concentraUon is ur
knoo,;.. n, carbon dloxlde and we arg a..u~ed to Slv ) .mall but conatant aUenutton, a not un
reuonablc aSBumptlon. TM t~",t. were conduded under condillan. of cood vlslbUltJ, I.e., itt
hue. VislblUtles were reported U ),0 mUes or more f(ll' all eventa U....d In TablQ 3.3 with tb
exceptlo., of Shot Zun\; a vi.thUlty of 8 Mlle. wu reportf'd "'or thl. event.

No correcUon for transmi&.lon differences "U tMwl'tn m~o to the data ue<! In con.tructlng
Figure" .3, becauae the .ostter of data obacurem any .ffeet arhiRi from the". differenc"I.

Althoueh the .c.U~r of lMivldual data mUka the fdfect, do.e Inspection llldlcates that the
radiant expoaure may have an aDC\llar dependel!ce of the form dlDcuUed in Reference 1. 'I1le
all((ular dependence Cilfi be bfIfit d.scriiAd by i!'.,fer.ncllP to Ftcure 3.1. ThlJl lleur. lhowe that
an aircraft at a small angit ~ (n.arl)· over tM flreball) w111 ••e mON of tbe flreball .urface
tban wUl an aircraft flyi", ILt a late«' engle P.. In Ret.renc. 1. conskieraUon of lbe fireball
brlchtne.8 and projected ar.a lea t~ ttw pollt"daUon of a co. ¥, H dependence for .urface burst
To te.t this postulate, Fl,ure 4.4 i" p.....nted.

Ftpre 4.4 includ.,,, aU of the ~rtinent ~ta from .urf.c~ shota- Zuni, Flathead, Dakota?
Apache, Navajo, T.~, aM Hur-on. The v!!lue. of E were taken from Column VO of Table 3.~

Flg\lre 4.4 111 In tWO pam, the upper Ifllph ahonOi E .. a function of 8, while the lower .bo1
E/co. %1:1 ae a functlon (If O.

The apl'ead 1n the Individual points Ie considerable, b t it appears that

E
-":-!7-- .., l.45 (Curve A or C) (4.3)

(;4" VIO

I. a better nt. Lo H~~ data t~n

F • 1.28 (Curve _.) (4.4)
11\ toe angulilr C'atl'1ie 0° .:' ::~. 60°, either ex.\rellBlon fairly represents th«!l data.
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(4.5)

""

................ v. ~ ..... "'''n",' DUUaU: '\lUlU Ut:! VUlalneU uy plaCUlg ca~orlmettH'8 in the underside of the
fuselage with the detector surface parallel to an~ viewing the mean water surface. Cdorimeters
oriented to this geometry have bflen dellgna~od as vertical calorimeterso UnIortunatel)', as
Figure 3.1 suggests and Column IX 01 Table ~(3 vcriUcs, t~e vertical caloz'lmeters 8ee the el tlrer
fireball and its immediae surroundings. As a result, no in :ormatlop can be galned concerning
the relatively small flu".( reflected from water area.s far from the flrt';ball.

4.2.2 Comparison of Obeerved Data with Predictions. One of the most important results
that emeJ"i 's from this study ia the verification, orliCkof same, of equaUone p graphs, or
nomelrarna that were used for pl.Jdictive purposes. A method which ls used to predict the .ra
diant exposlIre 18 descrlbed in Reference 22. In this .-aferelice, the yield of the burst the height
of the burt!l~ and the distance of the receiver from the source, the Yoloelty of the aircraft, the
moisture cont.ent in the atmospheric path, the height uf the haze layer, and the vi8ibiHty are
parameters usf!d if. arriving at lit fOll'ecut of the radiant exposure. Of th"se ptlt'ameters, the
forecut radiant exposure i8 least sensitive to the ("aUo of the vislblUty to the height of the haze
layer antt most sensitive to the range effect. These concluslons, which seem to b~ nearly self
evident, werereafflrmed wh«:m recalculating the predicted Q, the radiant tixposure, using ob
served value. of the parameters. It was found that the predicted Q on recalculation was 1n
genual within a few percent of the Q predicted on the basis of planning data. That this occur
red depended Qverwhl!lmlngly on the bct that the plannil'll data on the yield of the weapon and
the pos~tlonl"l of the aircraft waft that subsequently measured in the test. As these tests &re
always carried out in relatively cleat' air so moisture laden that water vapOf.' aboorptton i8 near
maximum, the weather parameters are essentially constanta in the predictive equations. This
polnt can be illustrated aa folloWl.

Ftaur~ 4.5 is a plot of the ob••erved radiant expo.ure ~bs' versus the calculated rlldlant
exposure Qroc' The planning data~ computed from the nomosrams of F.eference 22, refar to
the rMiant expolure on a horizontal detector. Th& bulk of tbe data ~8 been taken with the
detector surface oriented toward the flrebrdl ra~her than being paraUel to the earth', sudace,
thua n sec () correcHon fa,:tor (Figul'e 3.1; !l,IJj.V been lncorporated in calc\tlaUng Qrec' approxl
mate~y correctil1l fl horizontal receiver to one oriented toward the fireball. Thq: scattering of
the /'b8erved dat& Ie 1&1'Ie, but the tremt 1... co.l'recl. The data Acatters apprOXimately evenly
about the veriUcatlon 11ne, the soUd Une at 45" indinaUon. n i8 reuonable to state that on the
"lveraa", the methods used to pred~ct the radiant expooure ~b.I are loc'Cl. The unfortunate
situation extata, however, that the spread in the observed data I, 80 larae that detaned verl1i
caUon cannot be made. ThtB spread in the ol»ervoo data at anyone predicted radillLnt exposure
i8 as larae u, for example, the dWerence between 21 and 42 r.al/cra2 for a pretilcted value of
27 caVcm'.

Because the scatter in obearved data la 80 larae, a rather simple picture of the thermal l"adi
ation proceas mllht bft vlsunilzed. Figure 4,4 indicatAIl that the value Q i')2jW cos %0 Is, to
within the confldttnce that rail be pla<'ed in the data, equal to a con$tant independent of ranae,
The value of the con.tant ill 1.45 clll-km2/cm:!-kt. Using this value, Qre<l' is found for each bunt
from

Q= 1.45 ~ cos ~/3 (}rec D~'

The equivalent yield W, the slant range D, and the zenith angltl tl a!'t' known. In this formula.
W must be expressed in kUoton8 all D in kllomet~rliJ. The r'esulUntt Qrec Is In units of cal!
cm2

• The meuured radiant expofHJfI'i~. Qobll' is plotted against Qre(' in I.he manner of f~lgure

4.5 to construct FigurE"' 4,6.
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cquatiIJn was constructed. ThP. r.onclu81on that can be drawn from these two figures 18 th.. re
fined prediction t~chntQ'l.iC8 are unnecf/ssury and perhaps mlsl@ading a'l long as t'le data frorl.'
which the.flI i'rog~,oIi'Hc tectmlques Iilrc developed have the presf!nt 14tck of pref;laion.

4.2.3 Cornpar18on 01 ThGtrmal Yield from Ale Drop lolnd Bare" Shot. Shot Cherokee was the
only air drop. The aircraft dita 1. mea,er 80 tiiaTa-com9l'rISOilOTUie thermal yiebJ (or this
alr drop ..?lth the thp-rmal yield from a ba~e shot ("')uld only be made In a few instances. The
barge shot .elected for comparison wu ShDt Zuni. The only usable data was that from the B
47 aircraft. Comparison could be made between three sets of calorlmeter. and three set6 of
radlomete r8.

Slnce the range at the second maximum for Cherokee wu 64,420 feet, and that of Zuni \1nly
4~,910 feet, while the weapon yields were similar, tha thermal exposure and lrradlance data
w'ere nOi'rn!lUzed by multiplying by O?jw, the rallo of the square of the shiRt rarige by the yiek
The normalized data wu used in tt)e followirli way to conatruct Figure 4.7.

Three calorimeters were found for Cherokee that had thermal recorda that e ctended to at
leut 18 aeconda. Each d the three calorimeters had a dUferent filter. The first had just the
quartz window, symbol Q, the second filter A, and the third filter B. The transmls8ion inter
vals mealiured 1n mlcrons are re8Pf!ctlvely 0.2 to 4.5, 0.7 to 2.5, and 0.9 to 2.5. In Investl~:aUn

the Zuni data from thp same aircraft, it was found that the same instrument. in the Zuni and
Cherokee events ""ere equlpped with the same f1lte.~s. This fortunate state of affalrs enabled
the comparison to be made with the same instruments equipped with the same filters for both
Zuni and Cherokee. The ratio of the speclflc thermal yleld ECherokee/EZunl was taken .s a
function of time where E is defined by Equation 3.1. This ;l"ss the hnt three curves of Figurl
4.7. The filter i. the constant parameter for nch curve.

The fourth throuah sixth curves of Figure 4.7 are constructed In the same manner as the
first t/'ree cur~ es, except that the senai~ instrument. were radiomeh.:rs instead of calorlmeter
No filler. were used, only quartz windows. In this set of meaaurernenta, comparleon could
also be made between tho same thl·ee instrumenta for both Cherokee and Zuni. Here the com
parlson 1s between rates at which ~Mrgy Is recelved, rather than cum!' ~aUve am(J~unt8 of ~S'el"l~

'rile e\'idence 8upplied by F~rfl! 4.7 (excludinc the th1rd curve from the top) and the data frOJ
Column VII of TQble 3.3 ROO'.\] t~~~ :::~"" spec1flc thormal yield og Cherok•• 1s of the order of 0.8
the .pec'fic thermRl Yl'-'ld of i,l,IJ'lL \~~lated a bit dl1ferently, it appears from th!1 one ••t of data
that an aircraft wlll receive at ~1U-i.'&i'11 much and perha~ rnon tharrmal e....ur. from a surfac
bur.t than it w11l under compa r at>lt: ;".~lndiUona from an air"~...st. Sev.ral facton may contrlbutl
to thl0 effect, and lheee more ..hart t;{\~11penaat. for t~: reduced fireball aflta pre••nted to an air·
craft fl!'~.AtJ Oilt a low elevation anal., hl ",,,-tI?;)ect to th. II null. The•• factort lnclude an .nlaree.
ment of the hemispherical radius of a Irf1:..nd burat over an equivalent alrburllt, ,he hleh albedo
of the 800ck froth, and the .catt.rir-a by tha air and cloucW. All of th.ee effect. t.nd to Incr,ul
the thftrmal flux. A di8cu.ell)il of these "h,ct. ,. pl'••Slnted lat.r.

Uatne the equaUon l~. the lnerttlll Mxposure ~ liven In Ref"renc~~ 1 and ua1ac the avaUabl.
data on the characterh:. of the d.'/ice, the posttion, or the llircralt, aflo .JmbltHlt \\~athtr cOI\dl
tiona, it was ("aleulattd that the total 1'adiail! exposure that would b. f~c.ived on a horlzohtal
C:.tector In the 8-47 aircraft for Cherok4te wa. 13.8 cal/em1 dleti'ibuted SUCil that U.l eal/cnl'
were received in the vi.lbht And 5.7 caVcm f W6r. received in the infrared. Corre.panding
valutls as calcu'at.ed for Zuni lave reapectlvely, 13.9, 1.6, and 12.3 ci\l/cm2

• A lJurfwce al~do

watI chosen •• p .. 0.6.
The only available data trom Table 3. '1 ~,') check the.e calculations were the second entry

under Cherokee and the Ural end second eni.d•• ~;-;.~'::,' :!•..!!!l. Ti!1t Cherokee value wa. 4.69
(~al/cm2 X"e<>elved 1n the htfraarMi. ThfJ ZunI valu•• were 18.6 cal/em2 tot.. , ~,..t! !3.0 cal' cm 2 in
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eXUJt \n the aau..
A coillparlaon betW\len theoretic&:! 8nd ex~rlmentalth.j,~rmd I!xpoaure. for calorlmeter.

polnted dlr'~ctly :at the flreball " not Sl) etraJchtforwrard, t'lUilnly Oecau(,e of t.he approximate
correction made to Qm: 1n order to eat,huate the dlrect radiant ~xposure. The correction 1_
I" metrical, and rotat.1P, the horlzontal recelver to .. pollition where the normal to the recelver
surfacft polnt. cHrectl, at tbe ftreball. Thl~ rotation, of course, llU\XimU\~8 the direct flux
incldent on the recelYer, but 16 no~ a riCorous conecUon for tbe scdt.ered and reflected fluxes.
However, .s the tbeory III relatively In.ensitive to the Indirect .. compared with the dlrect
flux, the orientation of the recelver in re3pec~. to the direct flux lis ~ factor of primary magnitude.
In term. of the anell! 9 of FlIure 3.1, ~ 'Iec H ls an esUmate of U l! dLect flux. F"r Chero
kee, tbl. Increue. the to"l radLant eXlJOsure from 13.8 to 24.0 tal/cm l , ar.d for Zunl the cOt
rempondlllfr value Increuel! from 13.9 to 20,0 cal/cm l

. The rftHo 24.0/20.0 '" 1.2 lra 50 percent
h~er than the 0.8 e.Umate<t from Fleure 4.7.

4.2.4 Determination of Irradlance from Calorimeter Data for Shot Dakota. Since Shot Dakota
baabeen .elect8C! to recel.,e a aeta.necrPiiOtocraphlc analy... (Slictlon (tJ; an attempt wlll blI!
made to extract more Information from th;,l calorlmetrlc data that ~. already been pre,.uted
In Table 3.a. The method to be u.ed, thoulh buicaU, aound, l,ada to r••ulta oI11mUed value.
Thl. 'tatement la made for two reasons. Flrat, tilere 18 a relatiYel, larp uncertainty In the
accuracy of thl .tatad experimental values. second, the sbted W&velei'Wlh Intervall. onlJ ap
proxlmate becauae of the speciflc tran.mi.sion charactertat1cG of the fllter. mentloiled earU",r.
With the.e llmllr:,UoM In mind, Ficure 4.8 has been oonatructed.

Fleure 4.6 18 a plot 01 the lrrad"'~cy 1n aevera1 narrow wavelellith Intervi:.l. u a function or
the 10larlthm of Ume. The dlrect en,fIY from the fireball of Shot Dakota was m'''':lred. Thl_
curve ls a derlved cune, coutruded from fUtered calor~met.rdata. In theory, the slope of
the time-dependent r&dlilnt expoaure curve. (calorlme~ordata) Jle!dll lrrld1ance. The t!U!~r ...
ence In two lrradlanc••, each flltered differer,tly, thAt vlew th4 lame thermr.l event for the
p()9lUon In space la used. Thi. 4lfference la Just tbe lrradlan~, that would be recelved by a ~l

orim,ter havl... fnt~\" whoae tran.m1a:ion wu the difference of th" tWO fUtera used. By tnt.,
dlfferenclnc technlqu,~ 1t 10 po••lbl. tt) ••Unate the lrradla~lce. for the wav~ler-«th Intervale
Uated In Table 4.5

Ftcur. 4.8 Is .imllar to "tau" 4.8. Iii thl. fapre, the lrt'adlance from Dl.ko~.. :n~u•.lf~
by calorlmeteR pointl... vertically doWftward ... pre.ented. 5e~au.e of the obilquity t'.u~tor d1e
co.1d In Chapter 3, th. irracllane, In I'laure 4.' 1. 1••• at ar.y lnatJ!nt of Umo than the lrrlldiancy
Ilven by Fl(uro 4.8. Llk~ plot. for otber e.entl .boftd Ilmn.r characteristics.

No partlcular Inferenee••b:ould be dnwn from the f.ct that the time to maximum l!'r~la.r.ce

of curve Q-A In Flpre 4.8 1. lreat.r than Um.. ,,'\Own by the other curve.. Th. smooth~,RI of
the data and .ubetlqu.nt numerlcal t'lffe ...nttatlon ooe. not lead to curves of aufflchmt accurAtcy
for evaluztlnc luch fl~le d.ta~J..

In conatructlr Ctbe.e eu"e., amoothlftl' o! the data 1a nete••ary. 11111 precautlon 111 es
pedaUy pettine t when lara' l'°'1ounlll of data aA proce.aed by machine methods without the in-,
elusion In the p.. ocram of ». nmooUtl"i routine. Otherwllll', the slope., and hence the irrad~J1c,.

JI:'iP rxlremely aenBitlve to small errors 1n the calorimeter data. The smoothing of thft~~ curvea
.... accompllsnerd by ublRfl a running mean or five polntll, whe~ each polnt wae 01 thE order of
O.O~ Hscond apart.

4.2.~ Radlom~tr1cDoterm1natlon of the Sour~e Color TeDlperatur~, An lndh ·ct product of
these tt.ermt\( me~ilJr.,m.nt. la ftn 3SUmlte of the .ffectlv. black bOC£y-t.m~ra("7:'l!of the source.
For th18 secHon of the rcpo~t, the color temperature of the 80m''''...m be deflnlj)d 8:', thllt t~rt\p-
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The re.ult. of this analyli8 le a curve of temperature all a function of time (Figure 4.1U). Thil

flc\lre Indiate8 that the hllhelt temlJ.;orature attalned was of the order of 6,0000 K. This peak
temperature occurrf!Kl at the Instant when maxlmum irtadtance was m".lJr~d. Thls hlgh temp
erature i8 about a factor of 2 Ireater than the 3.000·K temperature usumed for surfaii'e bursh
ln Reference 1-

To derive f~he cia" from which FieUre 4.10 _8 constMicted. it was as"umed that the ratio 01
the irrad1ance. m.uured 1n two different filter regions wu JUl the ratio of the black body
enel'l1 leavlnc the source corrected for the known ab.orptlona. The known absorptions for the
r~lona selected are due to water vapor, carbon dioxide. and the rUter absorptions. The vislb
recion wu not ulled because of the unknown tra:namlssivlty of NOa and NzO.. Flgure 4.2 gives
;he absorption per unit lenct·h at standard temperature and pre••ure for these two g8.Sf'S, but
as the concentraHon, temperature, tlnd distance from the flreball of the gU.I was unknown,
no tran.mil.uvlty could be determined. In the vicinity of the fireball, ab80rption and te-
emi••ion of radlation 11 a complex phenomena for whlch FleUre 4.2 i. of limited vaUdity.

aadlolJOnd. balloona launched Ju.t before the event indicated tlat 54 mm of predpltable watl
oCalopied the path the radiation aubsequently travera~ i between lource and receiver at time
••ro. The arbon dioxide cont.nt of the atmo.phere is relatively con.tant and known. Thus,
it ... po••able to e8Umate the tranamlaaivlUes of water vapor, carbon dioxide, and the fUterll
U function. of waveleQlth. Th••e tranam18alvltlea wlU be Indlcated U Th Ta, and 'fl' re_pee
th.l,. The Iw.cript i ia a leneral fHter index, where the Index .,..tem 1, the same a. used
earUer in Chapt.r 3 (Table 3.4). Uahll symOO", it 18 expected that two instrument. on the.am. aircraft which revi... the aame event, wlU .how the followlOl ratio of 1rradiance•.

;,
,I

In the above equation

•

.,
I Tt T2'TA_BdT)dA, -----.,
I Tt Ta TS_ C ( (T) cU.
o

(4.6)

(4.7)( (T)
CIA-I. -
CalA'f

e -1

tbe black body intenslt1 fURenon expre••ed 1n conventlonallJymbola. Tbla function 1, tempera
lure u well •.• wavel.ncth d.pendent. Tablel of thia functlon .xtat 1n a form auitable fO.r com
lINtatlon. If .mall and ukllform lnterYa" boA are cho••n and the r'. and (T) are replaced b,
their m.an;!al..... o••r the ~nt.rval. Equation 4.8 tak.s th. simple 'orm

',.
;f

BA- B 2; Tt 1'a TA- B. (T)

BS-C • rTI TJ TB_C dTl (4.8)

In pnctlee, tho summation i., taken over all interval. where '7 A- B or '7 B- C has a value oP .
than zero.

Th. ratio 1: hA _ e(T)/I; hB _ C(l') can be found from avallable data U8i~ several arbitrary
temperatuna and the reaaalts plotted .a functlons nf the temperature. Thls proced"re leads t(
Yipre 4.11, construct~d for the foUowtnc p.ti ameterl

Water Y&por 80 mm of pi'eclpitable water
Carbon diOXide 250 .tmo.pher~-cm

Filter A- B 0.7 to 0.9 micron
Filter B- C 0.9 to 2.0 micron~

nlele parFk.~t~:!'=~••~di;,., Shot Dak"lta .. viewed from the a-57.
To cona"rud :Fteure 4.10. the lrradillnce data u cktrlved from ¢he mt~nd c.aloriMeters to
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where tho letter sUb8criptY represent the filters described earHer. The ratio of irradiances
changes with time. Assuming the equality specified by Equation 4.8, Flgure 4.11 C~n be entered
to Hnd a temperature consi'"tent with the observed ratio "A- a/HB- c. This tempt:rature plotted
at he time thia ,raUo was measured is a point on the graph, Figure 4.10.

It 115 unfortunate that more spectral reglons are not available for analy~i8, so llat these re
I\lults can be checked. Data from the reglon 2.0 to 2.5 mlcrons was not llsed because of the low
signal-to-noise ratio and the low algnal level exhibited by the data. The region from 0.2 to 0.7
micron could not bf" used because of the lack of information concern1ng the transmissivity of
N02 mnd NzO.. In principle, the average transm1ssivity of the comb1nation of these two gases
could be det\!rmlned if the valid1ty of F4,I,re 4.10 1s accepted. An equation of the form of Equ.
tion 4.7 would be used. except that T Is now known and one average 1-i is unknown. Here T
is defined from

Tl. L Ili2 (T) :s 2; 11/2 11 '. (T)

The crudeneal of the data does not merit this addltlonal refi.nenlenl.

4.3 ANALYSIS OF LOW-RESOLUTION SPECTROGRAPHIC DATA

(4.11)

4.3.1 Structure Identification. Conslderable effort was spent in trying to IdenUfy the abaorp
Hon structure shown 1n the apectrographlc tracea (F'lgurea 3.8 through 3.20). The resultl of
this investigation are shown in Figures 4.12 and 4.13. Flgure 4.12 i8 a composite of laboratory
absorption spectra of N02 taken at val'lous amounts of absorber concentration. FlIure 4.13
presents a compariaon of the laboratory abaorptlon lpectra with two trame. (rom a typical
shot. It 1s evIdent, from data of this type, that in the slectral region conaidered nearly all of
the spectral str Iclute can be attributed to the abaorption of radiation by NO~.

The amount of abBorber present was determlned by the method deacrlbed In Reference 23.
This involveI the uae of dtfferential absorption coefficienta baaed upon the valuea of the absorp
Uon coeffLclent of N02 meuured at room .:emperature. The relults of this analyala are lum·
marlzed kn Table 4.6. It ls felt that these amountl represent lower limitl tothe ablorber con
centrations present. Errors due to ,lit wldth correctiona could 1ncrt::l8e these valuea by ~s

much aa 20 percent, althoUlh these errora are probably amall a. compared to the erron intro
duced throuch the use of room t~Rlperature absorpUon coefflcient•.

Exam1nation of the lut column of Table 4.6 reveals that the N~ conct'.ltrlltion at the time of
the second maximum i* roughly lndependent of the device yleM. Thil impHea that the absolute
amount oJ N02 preaent at th1a time varie- In direct proportion to the 8quare of the fireball radiul.
This in turn impHes that th@ concent&" tion variea apprOXimately with the y10ld railled to the two
third. power.

Thus, at least in the vil,lble portion o( the spedrum. the apectral hiatories of 1111 eventa ap
pear q lit£! similar, regardless of t.he yield. A lal'Jp. amount of NOz i. formed quite early in the
bomb history and persists throughout the entire event. Thellctual amount of NOt formed, the
mechani8ms of formation. and the roL' it plays in thermal radlaUon cannot be preciaely dflter
nlinp,t until absorption wefflcie:nta for NO~ are known for the temperatures Involved.

4.J.2 Spertrograph~cDeter.nlrultlon of Color Tempel·ature. To 1IllrnpJlfy thermal r-adiaUon
lJuXcalcuTati;)"n8~iCis deslrabfe-to"repreaent the IpectrlioCdlstributloil of the radiatio'! by a lingle
number. Thi" leads to the concept of spectral temperaturel. Attempts wert' made to Hnd a
color temlJeralure that Vlo"Ould represent the data dur11ll a major poTtion of the ttlermlit pulae.
When the reiative 8pet·· ral intensitlea were reduc~ to plotl of Wien'" law, it ~Jaa found tha~

they deviated con8id.r"biy from a .ray-body d~.trlbutl"ln. Tht. 1. due to t~e tenuol,.l. nature ot
the fireball a. weB .. the largeil,bllorptlonll by Wi l • ~"nce temperaturelll d.term1ned from the
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eraft position aa a function of time, correetlon~l for the nOI1.s,ph(i!rical ",h."pe of the hreban. e-Hd
a.aumptloRs u to the effective fireball emlssivity. For the purpose of thesto c~lcuhlUon8 the
fireball wan aS8umed to have an emh.~ivlty of 0.63 and the shape correction wau that recom
mended in Refel"enCe 1, for a ~l~misph.erlcaillurface burst.

The ft"!IIIUltS of thiiJ calculation are summarized in Ta.ble 4.7. The tempe~'~tuK'e8preliented

here are for the wavelength region from 4,400 to 6,000 A, the higher valuM of temperatuI'e enr
re8pondin, to the longer wavelelllth. In nearly all cues cona ide red, the t(Jm9Crature at any
time durlns tile pulae increased with increasing wavelength. Also, ln genel'al, thf.l spread of
temper. ure values decreued with increlUllng Ume after the second maximu~r.I.

U the locarlthm of the temperature 1a plotted as a fundion of the logar!th:.n3f time, it is
.een that the average Yalue. of the temperatu 8 {all along a strallht Une, th{; slop'" cf which
i. mlnu. Y. u sugested by Referellce 24. The data was reduced by this slopel .!litd thC' result
ilte intercepts were plotted a5 a funcUon, of the weapon yield. This rell,ilea in the emplriclll
equation,

T .. 2570 W° ol2 t -1/., (4.12)

1
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Where: T = temperature In 0 K
W = weapon yield, kiloton.
t " time, seconds.

Thla equation holds only for times grerter than the Ume of the second thet'mal maximum. At
the secor-<! maximum, Equation 4.12 reduces to

T .. 8690 W -G.on (4.:3)

In order to facUltate comparieon of the spectral data with that obtalned '.rom calodmetf1ra
and radioml9tere, U aeemed dellrabl! to obtain an average color temperature for the enUre
thermal pulse. Thls was accomplished by plotting the relative spectral IntenslUe~ as a function
of Ume. The re8ultlnc power-Ume curve. were ttraphlcally integrated, and the values of the
intelral Utted to Wlen's law. This reaulted In an eUecUve Integrated color temperature for the
vlfl"lble region. The result. are ~re.ented in Table 4.8. The type 01. temperature presented
he. a is equivalent to that determined h"'om mell.urementll made with filtered czlol'lmeteu, the
maln difference belnc that the calorimetric tempe~:durell litre eueutlally meDure5 of the color
temperature 1n the infrared.

Thue, due to the variation of the' flteball abe, ,rptlon coeft1clent with wavel"'nath, ~t 1. tnlpo&~

alble to repre.ent accurately the spectral distribution of the radiation In the vi'ib1e reglon.
Approxlnwte nlue. for the spectral temperat~re fOl times greater than the second mulmum
can be elUmated from Equation 4.12.

4.3.3 Time to Second Maximum Spectral Dependence. In exa,mlnatlon of the 8pt\d'':'a.~ pow~r .
tlni"'-<~urve•• it WIU"-OOtlC~ thatthe'·curve. for dlfff."I~~fit'wal\,eleng1;h;ttpeaked at different tlmelJ.
Time to the peak was determined (rom the peak 01 thf~ smooth curve through the da~ ~r:illt~ for
each wl1vetength. The resulting Urnes were then HUed by the method, o~ ~,~l\llt squa!!'ea to !'lll
equation. of the form

(4.14)

Where; t max ~.. t me. seconds to the sel'ond maximum

W OJ y~dd. kHaton••

The valul!'4 of b obtlllne(~ from the above rehltlon 8caUerll!'d in III {·andom fashlon from 0,45 tt"
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data points lnctlcatlng a general trend. For each wavelength the frns value of K was calculated
and a smooth curve fit to the points. The results are summarized in the table of K (~) COeffiCl nts
(Table 4.9). Table 4.10 presents a comparison pi the measured tmax values wUh the ones cal
culatEd from Equation 4.15, W11ng the coefUcients in Table 4.9.

Variations in the time to the second maximum with wavel@~h have been found. Th..fle varla,~

Hons are moat probably the result of the varying transp&rency ot the fireball 8 a function of
wavelength and Ume. That iii, as the fireball becomes more transparent radJ.aUon i8 measured
from regions of higher temperature. This interpretatlon 18 cons latent with the behavI.or ot the
N02 absorption coefficient.

4.3.4 Fireball Diameter Corrlla~~~tl. In the procelf8 of determining speclraA temperatures,
it was neceuary to measure the fireball radius as a function of Ume. This was acr.:omplhJhed
by measuring the imaae diameters photographt'Jd wLth camen8 adjacent to the 8pel .graph..-.
Theile image diameters were related to fireball diameters through knowlec:tce of the aircraft
posmon and camera focal length. Aa l byproduct, these data were analyzed with re8pect to the
scaling laws.

It was found through the method of least squares that the maximum fireball radius Rmax
obeyed the relathn

"lmax = 330 Wo.12 (feet), W = yield (kt) {4.16)

and the radius, Rt, at t '" tmax. voilrled as

R. :: 266 WO.M (fee~), W 1ft yield (kt) (4.17)A"t
max

These results are summarized in Tables 4.11 and 4.12.

4.4 ANALYSIB OF PHOTOGRAPHIC DATA

The remainder of this chapter 1. concerned with the interpretation of the! photographic records
taken from the four aircraft. The phenomena of interest were those of significance in the pre
diction of the thermal radiant expo.ure and irradiance at a point In .pace all a re.ult of the nu
clear explo.ion. To thla end, the time hi.tory of the flreball and iUi usoclated reflectllll, ab
sorbina, and scatterhll' elements have been studied over the complete thermal development time
of the detonation.

Thla :lIctlon treata several of the ancUlary feature. which are ohilened in each detonation,
and serves u a furtber introduction to the more complete analysis cf Shot Dakota (Bectlon 4.S)
and of the absorption shell phenomenon (Sectlon 4.6).

4.4.1 Hot Spobl. Good example. of thi. effect are shown in the reproductil)na of the two
Dakota Polaroid .hots and in m08t other series as well (aee Append-Ix). The brtcht areas appear
to be fairly randoml, intenpersed in ~he outer regioru!l of the fireball; the)' are of course not UI

euHy detectable &&a',nst the bright bac.kground of 'Lhe central portions. Spot. are oblerved up
to the very e<tce of the fireball or absorption shell, but not outside. The .pots have a .Ue dis
tribution ral1l1nc from Just resolvable specks up to areas 8ubtondlol luch lafle a.l\Ile8 t.hat they
ap~ar to be 100 feet aero... (RI,' "lution of the Mh'rofllf" fUm 18, typically, 5 feet in t.hes6
photocraphs; the h~n8 5y.tem decreases this resolution to two or three Urnes thls flauroe for the
f-numbel's used.) Howtlver, irradiation (image growth by diffusion in the emulsion) cauld ac
c"unt for all or part of the image size. (But St!e below.)

In. t~,ePolarold phot.OIraphA shown, the spots appear at abnut half the Ump. tfJ minimum ard
gradually become undetectable. first visually lind them denBUornt>trica.Hy" as the fireball hJ:'i.ghteIl8.
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for a few frameli i8 from the hot spots. The Ind:vidual sp"ts are distinguishable aF;3lnst the
dimmer background up to about 6 x minimum. Ont)' 1 percent ()f Ii'e lntf'!p:rated thermal flux t,.as
been emitted at 3 ',( minimum, and about H percent at 6 x minimum, 1'10 that the l'lllltrlbutlon of
the hot spots to therUlal damage is in any case dmall.

A microscopic examination of the Red image (If the spots f~a8 to show ary strue'lure resolved
by the camera system. The spots appear circular, ('C'r occa~ional1y, uval wUh the shun vis.
radial from the fireball center. Since they are smaller than the slit, no densUy profilf' ('an be
made. Consequently, it is not possible to decide from the Red data whether they are a. llilrge
as they appear (which l.s very largp- indeed), or whether' the exterided brlght. llpot is due ) tliht
diffusion effects in the emulsion. There are, however, no noticeable diffusion eHertA at Ahcr
sharp damarcaUon Unes t such as the fireball edge in Frame Zero.

Most of the Blue series show a dark taU on tilf' alright hot ti!X,ts. An examplf' lti Oolkota
Seriee 36299, shown in the Appendix. ThElse talls appear to extend radiany out frum ~he flre..;;dJ
center; their length generally increase with projeded distance from the cehtar. Thu. the tail
gives the appearance o{ being the shadow of the bright area. Since no question of image dlffl.slon
is involved with these dark st.reaks, and since the streak width is the "arne atl the width of tll<'~

hot spots, the hot spots must have essentially the finite extent measured on tl3e film.
The finite sUt size makes the relative light contribution of the spots c:Hicult to evaluate.

Near minimum in blue Ught this figure is approximately 100 percent as not..d above. For the
red between minimum ~nd 3 >( minimum a crude value of 10 percent may be assigned by estima
ting the fractional area of the Hreball cover.ed by the Spot3 as 1 percent, dnd the raUo of spot
brightness to brightne8~ of surroundings as 10.

It is possible to identify the same hot spots in the various series of photographs oi detona
tion, and to trace indlvidual histories. The bright local alt.:as a.ppear to move out wit. the ex
panding Uraball; their relaUve positions the!'efore change only slowly.

4.4.2 Plume, This large tvpknot appears to be a bEloW)' dour' of opaque gal'l, developing at
abOut the time 01 minimum. A plume is vis!ble un all the groulld. water. and barge detonaHons,
but none Is detectable on Erie 01" Mohawk, the two tower shots; and none is rebol\1able on air
burst Cherokee (which has extremely poor photographic coverage). Prc~umllbly, then, the plunw
is associated with an interference ~. (feet of the ea.rly shock wave reflected tram the surface.

The g6!tesls of the plume appears to be as follows. A large hot spot, or group of hot spots,
generally les8 br\ght than the oiher hot spots, develops near the ct'';)Wll of the fi n~ball at about
the time of minimum ,it is first observed somewhat later on the blue films). An enlarged view
of the hot ~pot on J)uota, in the Blue, shows it to ~onsi8t of four reAolvable bright :-Jpots, ar
ral1&~i in a rough square. This spot brighil IlH al J then darki'ns, growing into a large da l·k vol
ume extencHng In later fra-oeb W -11 above the flrebaH. The Hmb of thifl plume, and partlculady
its very top in early frames, may be lumlnoub In the Red; however, th~ plume 18 alway8 uulte
opaque In the Blue,

The phlme appears to develop .~arUer in sl'aled Urne for low-ylelc' devicf'~l Ic·omp~n>. f'H'

example, the Lac rosse, Flathead, an" Zuni phol.ngraphH. in the AplJf:NIdlx). OJO~it'4Ul:mtly, i.!s
~ffe('t on the thermal flux from low~yl<~ld w~ap~,rkl. shoult,' bf' tPlaLvely lar~er t.han H" f'ffvd (111

larger Onf!8.
A detailed ana!yata of the th~rm;.\l flux Ob'i(,1red by the plume :i':ilS not b~en madf'. HmH~v(,,',

eSUmilh!B of the obscuration of tlw tht>rmal nux from a me"aton-ylelrl d("'lce 811.:h as "ako'~a

can he mllde (rom the several sertes of pil'tl\!'ef.'l in ,,\1,tc! App.rmdlx" In gCllt!ral, the plunw appeal ,.

1,0 ot)scl1rt~ about twice au mi.H:h of tilt:' n"(d)~U in thtl lHue phothgraphs 38 In til(> n~~d ,Hie", Kl'l'P'
in rnind thott the iracUop of thermal nW!: l:Ornl!.Ug frnmihc flnlbaU prl/per hi roughly 5(\ &" 611 pt"r
cent (Sedloll 4.ft .3), the photographs (Apptmdbr.) Bl1Inw that 1.1Il l"lte h··;·lllum (Sl.lV' :3 t.., :H I1l ..l 1l) th' phi.
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il'l~,~l"atf'ld tn~nl!\.tX nux ol.uu~ur'!l'dby the ~lume h... ~t,U l,~~ Blill!teS of dHIf'~lopr",.'int; ~.~ 5 P'l"~C~ifJt.

Thl6 ni~H'e 18 hi.giler for.' l!lmaU dev'.":f.:'I: ~(sd hrv;.er :(ot' !,lIlrttti otlij~'~,

4.4.3 WH!l\,-m Ckud. .At iat~ .titi,i1's ~:~ t.he s:11OCk del'tl!l)pn\e\'r.~)' thf zJr teln~~rature Sf)U'1~M

",'haf be'h1'witheiiloCK f.ront !t\lls hebvl a::nbI.fHl~; thi8 CA.ue~~ cOR1':hm~aH()n ry{ atmOIil}}h,'.:lf'LC w~t·;}r

Y~~.!f' Into droplet!.' (~"R~. ',)n doud flH:~dl. A doud~b'.\tl!5 to form n'i:'!ar t.ne l"<lii(h~ edge (It th:e
shock v',ve, lind th~n gJi'OW8 toward, lipve~&'!J,g to h.ke on the 8ha.,~ o~ 211 ~n.~,ph\~.he~:h.·,,~ it ;;,l"

tends tn. t.yptcally, to about one nr~b~U nalJi\!& Iro'11 ~he HI'f'ball ~urbr.e" rn Plll.RSlng it mliiY
l'<e not~d thiot, when the WU60n doad Urat bf.;g\fU'I to form, it ap~a ..~ to re'· 'ondenefl ·.be sam.e
trafie wind cumuh:8 clouds t~t hart bee! flvapvrated l.;Jt the expa~dll~g ~ho('k W.tV., Ii!. S1:f.:Oi'lU or
so earlier; ~n fact, ca8~S are obs.,rveo lf~ wnlch cmty th~ s~d~ of a dou,i near ~he fh'ebaU 16
evaporated, and then ilppears to re-form ~..hn(lst Inlmedlately. 'rhlf;J b;?htlvlor }s of ~oai"8e II,!K

petted, as Bupersatut'.tlon 10 Uri';" re:.lched in those regIons in which there i8 a loc:ai. wb,~f!'r

vapo:r surjJlus: the vapor from the clouds and the condensaUon nuclei have not had time to dU'use
away belore the collldlt1ons 'lor cloud re-formaUon are rearhed, Then, as the temperature js
lowered fu,1her, atmo.pt~ericv2por "'~:1den.cft into the lar.:;er, bowl-shaped cloud.

'rhe time (1n I"I~,. of fume. Olr ti4th :Jecond) at which the 111;'st secUolis of Wil80n cloud iD
seen, is shown in Table 4.13, '1'\ e8e flguru are not tu he taken as extremely a~{':urate, becaulJ~

an early cloud formli.Uon may b6 e~endered,by fortuitous local conditiol•• (Iuch .... the presence
of water vapor from a recently shock: evaporatiKt cumvlu:1 cloud). New·rthele.s, ~hvre 18 evi
dence that lhe onset of W1l8on c •.oud formlltion does nc..t 8c'l;le with the thermal eitectli, that 18,
as (yield) i/~.-'his 1. 8hoW\1 by thl!l late (in term. i "unA;'. of Ume to maximum thermal output)
form;tUon of t".'e WOaon cloud In Mohawk; the relaUvely late formation in Daltota (whlch 'flU

.:.,b,'ierved from 8,'v"lr:d aircraft ataHoRs) ar.d Apache; llr!d tbe ('beenation that the thermal flux
from the flreball "1', (lOt gJ"E'at enolilh to show the wn.on doud (if it indeed was fo:-med) In the
three loweat yield dE'~(lnaUon.. 'nto tlm6 for Willon cloud formatton appears to scale wlth the
other hydrodynamic phtmomerra, that ts, ail l'vield) 1/1; 8ee th<: lut column In Table 4.l3. (Nott~
aga1\'~ that l:l hlgh6r dete~Uon efnel,eney vork. in Dte dlrectlnn of maki. the WHeon cloud of
Dakot.t ~ppelUr enrly, )

In al., ,vent the WHsnn cloud does not ch~!:'l1re ar~ apprc"('t\lble {racUo" of the f~reball or shocK
frnth ul:1Ul S to ~ tnuutD' -..,hen aboul. 90 perr.ent of U,e thermal flux tIu .h·ead·.~ been emitted
from t,hf,? {levhn and the rate of emi_.lon 18 only 10 pucera.t liJil hr.g:1 a. it le att.mun' CORec·,·
quently, fho importance of the Ob8(;uration by th. WUaon doud, from a thermal viewpolnt, is
rl9uon.·"uly small, The clQud ob.~urea the .cattered 111M from the _I >ck (roth, whlch contrl
~11Aje. alm08h, hall the thermal f~wr 1n tbel very lat'8 frafi."llllllp Ilnd it obscure. moat of the flre
l.~U ~Q.r ~f)w-;J,ngle ot-e1'ver.. On the oth.-r hand, thQ cloud doe. no block t~e flux from the fire
ball to nfl.r-vff.rUc.~ob8tU'vel'll~ and there 18 an appreciable albedo contrlbu ~Ul'l tfum the illum
inated clOUd Intell'jo.r tnto .uc.h :ilICI.e.. A elude eatimate of the fraction e-t ttt,e total thermal flux
()b.j~urod tty the Wneon clcud III 7 perce'tt. n l1l.j.tplUl.r. that, by the time tITle WUson cloud evapor
ates, tho thflrmal ~'+~~,$t ill over (The irrevflrllible .b<~'d(~h..t'.l1I' make. tn. flnal ambI'lJnt all'
temper 'ture hllh~J:' Uwn befor,~ thll bh'st.)

4.4.4Alr and 'W l:e~;J: SCli.tterlr~. 1M' aMJUon to r.he albedo c.ontrlbuUon. from ahock froth.
l:Jo'udal':"""ind l.lliidi, ';;t~~;lle UghTaiPil~J',J'8 to come flr\t~m the WIlter 8urfllce. P~ef!lul'lably thhi Hght
hi !K~lHered both from ~he w~'aier', which Ita"' a nomhuil albedo {)f 10 JNlrceut (R..eferl!':'nc~ 1 alid
hdtl,l," dlacu••ion here) ,~!~d r:,"OlD t~e ;;lh' lit I!! , lU!fo801 particles. EQlSel'!,t1Jtlly lpecu.lar reflection
from the water surfJce iill: Q 'i~~~"ved at lr;)w nb8el"VRtion alJglf.'~ (iilee A~mi'~ht! ,f~loloa:l'aph~ in Ap
pcnIiJ,x)w but ll1 general it /lIlppf.!:jU'~ that j he maJ('.· .fra~'~U(Jr. of Qhtlll p!lirt r..lf the lItlbedo comes from
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" ~ A.' OJ ". ..,"" ...,. ; "" &&U , A ~"V";I\., .I~,' '1\~"IIII",~;·t.Al~n snell l!"~l aeVC10p tnen
ml4k:~ tntorpr'ebtion of the close-in bri,htno•• pattern Impoj/s~1bh.t; the tar-out brightlleslI l.~ 110

far ~!lQUih. a,~)ye film background for proper &,1\Jlly.16. The c,ir'y fireball has Ii very sharp ~d

aD(j, ha ii.i~ Red, I.e bright en" ugh to Hlumlnate I§trona1y thE', .urroundi~ area.. Howe'V~~ r'. the
Blue, Evtm at. F:rame Z~ro, Ie not intense eIV"llih to pel'mit vl!Iry go"Jd brlghtnee. pi'Oflles to h~

I.~ade.

Sud, brightn.ess plotR are give,l la FlJurt:. 4.14 lhrou,h 4.16. the brlgt\tne... ~in:~: re~1l'derl

at Df1tI;les mell8ured from the apparent firebaH edge. More such brlghtntk,8 plots are g'lvenl 1n
s.;ct!on 4.5.4. along with further dlStus.lf)u. Th.II~ vraph. ahow that the scatterillil from ~url

"-\llar regions to the frollt and reAr of the fireball 1,8 about u groat .. that Ir 1m the sides. Ttl
!&eaf'-isotropy giV€f! Borne impl1catloll that the .cllltler!ng ia froni the air. be':&use 1n the phfltc
grammetz-y, ~qaal angles meuured vert.1caU)·~ndhorizemlally do not extend over equal wateX'
distances. Furthermore, because of the Hntte size of the fll'eball the front a.nd rear a Illes de
not measure symmetric water dh,tancr'8. Anotber \~riUcal point 18 that tile ecattering Q.Jes nol
fa.l~ oft as rapidly as l/(angle)Z (an uppar l1mU, to what would be expected from a Lambert plan
1llumlnaterl by a point 8ource)~ even at angle. several Urnes as large as that subtended by the
fireball. This point 18 Il!xandned in d~~taU 1n what follows. A third point 18 thkt if the scatterll
were mainly from the wate~ surface. the light (which hal a low-angle source In the fireball)
comlRfC lfom the rear wou,\d be expect.~ to b8 much les~ inten8e, unless the water were a ver~

good Lambert plane indeed. An additloMl observation agatn.t water reflecUon is that the J«1i
albedo Is observed to be greatea- than the Blue, whUe Reference 25 indIcates that the dlue wate
al~do 6hould be many Umes greatl'f thar. the r'~d. Further evIdence that the luminous regton
about, the f1reb..'lllls the It:lSult of air scatter fOLlows.

Scatter1ng by Ath'lOapherlc Haze -F1.reball AureOle. AI '!XamiRl.tloll of
the brlihtne,JIJ traces made on a horizontal line aero•• the center of th~ firebaH tn the first fe,
hundredthIJ of a second aftlar detunation show. a remarkabll!l likeness to simUar Bcans mado
aero•• thfl lace of the sun and into the itdJacent environment.. The brlght rinc aurrouncU.. the
lun that Is observed even 01'\ thtt clearest day8 tel called the nureole, and thl•••me nomenclatu
will be adopted for the brtlht ~"lng that .urrouadal the fireball in itll f'arly .tq~s of developmer
Figure 4.17 Hlu.t,.,..tel1 t,he brIJhlne.s as a f1mction of angle lor .eveJ~al 81tuatlona. In thi. lil u

",re, the Curve. R, J, and D are taken t'rom Fleure 28 in Reference 26. ';b••• curves are ex
perimental curves of the aocular dlatrlb~tlonof brllhtnes. extendlq radially from the 11mb
(qe) of the .',In taken at ground level at TUblnccn (R), DaVOli (D), and utrecht (J). 'lbe curve
han been normaUzed h a 80laZ' disk brlchtne•• of 10' (lOS br1&htne.a • 6 on the seal" thAt I'.a
been adopted for :Figure 4.17). It wUl be noted that the brlshtne•• at 0.30 from the qa of the
801: .. d~sk is of tbe order of ~OO and that it deCNues to about 10 :at 70 from tbe aun'. Umbo
The det~cton used in these meuureli1entll were sen.,Ulve to the blue-green reclol'! c! the
spectrum.

Superimposed on theee cu.rveB are t~e aureoles oblerved from three dlfterent pa-"::;Wfnpha
of Shot Dakota hnmedlately aft.er d(:\'corwtlon. Curve !6242 Cited filter) 15 taken 16 m••c lIte
time zero" In orde!" to mllke a compe.rleon wlth tbe sun's aureole, this curve WIUJ normalized
to 0Jrve n at a point 0.33'" from the Hmb o~ the lumlna.ry. (With this normallElltlon, tl.tl brlgh
ness acrOl8 the fireball diRk ie 3.2 x 10', u compareel with 10' for the sun; the angle 8ubtende<
by tI ! fireball Id 2.6°1 compared wl~n the O.~\lo lJ~.lbte"d8d by the sun.)

Curve~ ~6300 Red and 35923 Blue are det."lved from. photographs of the ll.4am,,'!v~nt (Figures
4.14. a'jlG 4 .. 15). No particui'ia),' normallzritlolfl point ha~ been chosen for t,hele curves. 'These
frSjmf':8 were eXpt'.ied nom~na.Uy at arne Z\)ro, i. e., ''It a time that did not eT::"eed 16 Bnsec alter
time zero.

(uJ.'Ves A and B are taken from Referei'lce ~7. '1. h~.e curves a.-e t1xperim~ntaUy meiUlured
,.lurtolcs about a spherically symmetdc ari:'~Y of pbdoHQ8h bulbs set off In Ugt'i: ha.1.~. The
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tlnent to the d11lcu881on at this ,4~e of understanding of the phtmomen&.
A IIOlar aureole Is "e~plained" by the hlfhly directed seattering panern of parUclua of the

size of haae, 1.. e., partlcle. havil\i dlamete,.. of the order of %to 1 n lcron or hlrg~r (Refer
.,nce 26). The pril!domlnance of forward scatter can be llluatrated by cOllslderllll th.e Mht theory
of .catterlng by spherlcal partlcle.. Aaauml", a ha~~ particle to have an index of refracUon of'
4/' and a dbuXleter of 1 m1cron, the Mlo thl!Ory indicate. that tho scatter:.llg tlt lA.nal.s of 0°, to'",
30-, and eo" ne..ured to thf! forward dlrection, ~ 111 the ratio of 1',0.74:0,.04: <: 0.1)1.. For a
2-mlcron particle, the forward directlvJ.ty le ev~n more rronounced, betnf i" the fllU08 of
1:0.18:0.05: <0.01. In leneral, wb.n. quallt&Uve model \m dlaCUSled, the alanUiC4lnt p~rt of
the sC&tterh'l pattern 1. liven by the Fra.anho!er diffraction pe.ttex'n from an ,)p~Que drc.~ular

dlak of the aam. cro.a-sectloned area u the haze particle. Sldewn.rd and blh~kward .catterR:'1
can be ..sumed to be arnall. It••t:Teet 1s to lncre...e by II .mmll amount the bar.kcround brlght
ne.s. wu th1s hlahl, directed scaUerlRl pattern llnd tt:. parallel ray. from the llIun lncldent
upon the haLe, it foUow. that the U.ht scattered by thf: haue should rapidly dlmlnlsh ln lnten-.Uy
as the a.le from the direct .alar ray. is lncreased. Binlle acatterlnc domlnat•• because of
the relatlvely 10Ri mean free path oi tbe photons in haze, and the observed large deereue 1n the
flux when scattered at la.... &nIl... The.e conslderationa lead to scatterlnc patterna aucb as
Curv•• OJ R, and J. The details of the curve.. 8uch .. brllhtness and the rdatively slight
c~nae' in slope depend on tbe concentration lind distribuUon of partlcle size ln the haze.

The aureole about tht fireball and other sourcea imbedded in the hazy atmosphere may be
u...crlboci by lo.,oklna the 8aD. al'JUlnent, which 1s bued 00 the dlrectlvity of the tcallerine
paUern used to explain the aoUir ar ...eole. The fact that the raye 101Rllnto the Bcatt.rllll vol
ume from the flrebaU aN mor,' dlveraent than thoFle from the sun (the sun 1. e"flctively a source
at Inflnlty) doea not decre..e the effectlvene•• of the model, because the directivity of the model
requires only that part of the atmoeph"re between the fireball and detector to be the BcaUerlne
medluR'A. The a.tmosphere loth. sIde .loRd to the J:'ear doe. not materlaUy contribute to the brllbt
n.~e of thG a\jreole beau.e of the atm.. forwa,J'fi1 direcUvity of the .catterlne pattern. Note
alao that tkt ;~\rebaU t. about one "catterLI\i IMIi.\tl free path from the ableI've.. (SCctlon 4.1.2),
a fact that oo';"lrlbutes to the valldlty of th1a .IRile-forwaro-acatterln, (u oppoaed to multlple
5eatterlnc, dllfu.ij.on~,ttlOOl'J)p1cture.

However. aa thtIJ .11' li.ht Is backed by., wa.t0r surface lUumlnated by the flreball, 80me of
the brllhtne•• of t~~\' ..\~reole may .,. due to thll bI1ckcround, wh1ch haa a sman .mearine effect.
Th11 elfect la not of lUll.ji,)X· importance In the formation of aureole and UI e.Uma.:ed to contribute
tile order of U5 perce~l to tho bl'lIhtnesi14 (Section 4.5.3).

A further cdtlcal obeern~U(m to .uPVOrl the theory of air acaUerh.1 11 ollown ln the cue of
Shot Zun1 (Ftaure 4.16). Here the obflervatlon afll1., t.8 only 27° and the rear wat~r surface 1.
about one fl,...,.11 radlua from t.he 'fireball edie. Even unde~ thla aeometry, the shape of the
eeatterine function ie little dWef'ent from that of the hllher angle "baerv"Uonm.

ORe addltlonal obIenatlon may be l.nvoked to teat the conslatenc:v of the theory thti air scatter
1. rupor ,ible for the aureole'. appearance. The obeervaUon i. that the aureole le ea.enUally
unpolar1z od (section 4.5.4). An iupectlon of ';{\Ire 4.31 confLrm' thia. In tl1l. ttcure the f/J
and (} ~lar\ £allons Ilre not 'oincldent in time.. An interpolaHon muat be made to determine U ~

4> and 9 polari.~aU In. at the .ame i.tant. Wh6,,1 thla is don', the to~.l 11«ht 1. unpolarized.
The lack of po~rl&atlon 1. r-qecled whcn haze Is the scatterlng "lent. The Mie theory predicta
no polarization ~:lf the .caUe. ed Ught at 0" (unpolartzed source aalumed) l&wi no si&nlflcantpola.r
t.zation f'ffect for small nele .cil~.terirc.

in auml4ary, th.,ftl&"~ of evidtln e 8U1lesta that the aureole about the f.reball h, 2 re8ult of
8cath'!rlng by thli haze ln the :ltmo.phere. Although there nay be small difference. in the aure
ole when obaerved through red, blufI, or Polaroid filters, these dlfferer.l.cee are small and
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'•. 'J.'> tJyal'ooynamlC8--JUr 8hock. and Shock. FroU Phenomenon. In Ftcur~1'J ".18 tbrouch
•.20 arePiot~ed theradii of"fi;e1il"~ball, abaorptlon .h~ '. anCi shock froth nf ~unl (about 3,3an
kl), Huron (about 250 kt) aoc Lacrosse (about 39.$ ld). Th.se three dtttonaU(;na cover l factor
of 10(\ in weapon y',eld. Complftte data for Dakota wlUi. .: presented ae arately, 1.10111 with a
more thoI'C'Ulh dh eu.alon of the features touched on in this secUon. It ahould be k.ept 1n Iniac!
that the hy":".Jdynamic phenomena .cAle more elow1, wUh device slEe than do the .trlcU, tber
m.al on",~s. No attempt ... made to compare the horlzontlll and vertical 8iz••, becauDe of the
photocrammetrlc uncertainties; no gross difference. between these ncI11 appear on the pboto~

lrap"'.
The ndU of th, fireball and ab.orption .blell W1tre ml!1uured .1.uaU" that la, tlKly are tho ,.

radU of the apparently br....bt central hemisphere and the dark ablorb1nc rlne, respeel-ivel".
In llaht of the known nonlinear behavior of photOiraphlc film, tbla 1. a rather ar'"lltrary proCtt ..
dure. Howevel:', therl8 are practical dlfflculUea that make the deneUometrle meaaurement of
thetae radU Ume-consumilll and not particularl, accur. ~e. No attempt waa mad. to us. land
mark.... fiduclal polntSj expt>r1ence with Dakota showed that .uch cartocrapblc calibrations
can be quite inaccurate, .tnce landmark. corre.po"dlnc to tboa....n on the photocnpha 'M1re
not clearly Indicated on av.ulAbl. charta. Furthero;ore, landmarks were mt.a1nc on some of
the .~rie.. In.tead. the .hock froth data wu fitted to that of Reference 28, .nd the other hydnJ
d} namie data fitted in blrn to that. In addition, the data wu adjuated tor the moUon of the alr
naft (the apparent alses ,et smaUer .. the aircraft moves awa, from the d~tonat1onalte).

Aleo shoWl; on th. Int(lha Ie the thlckne.o of tbe aIMorptlon shell. Slnce tbls I. tb. differenci
of two nearly ~UAi radll, the .mallar belne the fun:, fireball eeIIe, only the .enerat trend 01
itt! Ume dependt"ncc 1••llnllicant. An lnn.r at,orptlon ....U radlus I. II.en for Zuni; tbl••111
be dlacua.ltd In lieCtlOll 4.8.

Fireball. The brlcht central fireball appears to Irow qUl~41 alowl, after breakawa,; thl.
18 a ..U-known optical phenomenon and will not be t ....ted be.... At tlm.a,reat.r tban about
3 tmuD, It appear.• to dttcreue .Ulhtly In al.e _:ld beCOID•••er, poorl, deflDed.

A cornctlon to the time tilne zero can be .tra....Uorwardl' made. From the data of Refer
ence 28 the corr.cted tim. at which tbe Frame One fireball (thon coln<;1d.nt with the .hock
front) haa It. meuu'" els. can be found. In aU c...., thla adJuatment wu found to fit emooth
1, onto th. meuuremenbl for "rlmell 0, a, and 3. AU of the data baa baed corncted b, thla
metbod.

Absorption 8hell. Thl. pbeoom4tnon .111 bet dlacuaaed in detallln Section 4.8. Note
that ita radlus fits smoothl, onto that of the fi...baU-BOOck front at Um•• Jut aft.r thermaJ
flu mlnllJ ..un, wMr. tPle lumlnoua fireball baa a dlacontlnult, In It. ,rowth. Tble lmpllaa chat
the absorption sh.U 1. Intl~l\t.l, conn.cted wltb the earl, hlllto.., of the ezpandlnllumlnoua
volume.

A I r 8 hoc It • n d Sb () c k Fro t h . The probl.m of ,ro9th 01 tb, .bock wave hILa been
treated by .e..eral author., and to Qte theory and experiment appear to be In Iood aeNelDent.
o.cau.e of the paucity of Iood rldue al data, no attempt haa been lIUad. to oompan the abIolute
.hock froth data to the predlctN VA. illS, except tn ¢he cue cd DaJrot.a (sectlon 4.5). Ho...".r,
th~ .hape and Illope of t If'! radlu.-Ume curve la fO'lDd t.o conform ve" clOHI, to that predicted
in R.ef.arence 28 ..

'fhe _hock froth appean to have an extremel, htch albedo, and at late (:> 5 t
lDO

) fl'lUD.~

Ibout half of the thermal flux come. from it and the all' betWHn it and the Clam." ~na. Tbe
flux from the outsIde edle of the shock frL ..h 1. alway. two to four time. brllht~r than that from.
the neighboring un.hocked water. 'Thla fleure 1_ smeared by the all' ltcbt. Furthar detall. of
the l!Icatterlng properti.s 01 the 'bock trl h, hlcludlng the ratio (chock froth albedo)! (un.hocked
water albedo), wlll be presented in Section 4.5.
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(Dakota 36236 and 36300. amona others~. Thilll ill presumably not self -lumlnescenc4!. If t ~;<'!',n:\.

the .hock would be brighte.' right after breakaway. when it. amplitude i8 highe.-t. Furthf;~ r)r1:l;!,'\.b r

tho expected temperature of the shocked air nea r th.rmal maximum is too low for se )' "~\IlY,\~\<I>:'>~'::,~

cenee (Referenr.~ 29). Rather. the brightne•• pattern III conalatent with Bcattering h'tHI(~ HVi'
denaer aIr. which extenda about a tenth of the shock radlus behind the ahock front. ff'\H'ne HflmK"
quantitattve data on thin contribution to the thermal flux vlll bf! liven in Section ".5.

However. in the Blue this air ahock ie definitel, abeorbi..... ob"curln~" th18 rech.l',' behind U;
this behavior ia e\'ld 'Ilt on all Blue photocraphs. In .trUdnl contrast to what is obst! ~'v~d in the
Red. Speclflc example. of this eoffect are Mhown An thf' photographs reproduced in the Appendix.
The quantitative eflect of thi. abaorption on the thermal flu. is not euy to evaluat~. The regton
behind the flretJallie. effecUvely. obecuA'ed; lom~ of thE: ll@ It from the ..hock froth ls abeort)ed;
and the fir.ball it.elf 1. darkened.

Thl. absorption by tn" air shock probablv aecounts for the structure in the br"lhtnelll of the
Blue ahor,~ froth. The froth ie brllht on the In.ide and outaide edi••• with a minimum between;
the lllum1natton by the fill'eball faU. off wIth d1atancf!, whlle the abeorpt.lon of the acattered llght
incr.aa•• with the thickne•• of the .hockod alr traveraed. The a.t shoWti no minlmum in the
ahock froth. and tht Polaroid ahog a amall. but deflnlt.ly detectable m~nimum. Thia IlMOrp
lion may cause .ome of lhe Umb darkening of lhe Enue fireball di8CUSlUKI in Sectlon 4.6 and ao
interfere with lhe awalysi. of the absorption .hflU I(not to be contused with the abliorpUon of the
.hocked air).

It i. telllptlna to explain th~. Blue-Red dlfferenlte by poatulat.il1l that a amall amount of N01

ia JlIreeent 1n the ahock-heated air. The abeorpUon c'>tlfflctent of NOz i. 80me 500 Ume... hleh
in the Blue u in the Red. 80 the Red Itcht wUl not be measurably attenuated by the shock-heated
air. An alternative explanaUon. that multiple Rayleigh 8caUeriQl make. the reslon dark i::1 the
Blue--the Blue Ra)"lel&h .cmtterlnc croe. aection eome alxteen timo. the Red cro.s .ecUon
is also not implausibl.. (It will be recalled that the eky around a red aettinc aun i. red al.o. )
The arlument that the .hocked air is wa rm enouch to radiate only in the RJod i. not borne out by
the above-mentioned properltell of the Red sClltterlna;. Unfortunately. the PolAroid data (section
4.5.4) doe. not permit accurato analy9ta i)f the Hiht from thla relion to hE'lp further in re..olvLIlI
the ecatterinc-absorption que.Uun. Ji'urthermore. It is dl1flcult to a.rrive at a 'lau". for the
fractional abllorpUon of the .hocked air. 11.. n(~ convenient vlewLnl acreen 18 avaUable. Alao the
data ate beclouded Ly the (~ontrlbuUo"of the ficaUerlnc from the unuhoc.ked air. llild ill any ca.e
the Blue fUm denelHe& in the rOilon above the fl!:'eball are alway. clo.tt to the .fVl ba.ckground.
A very crud.. ~atlmat. is 50 rr.rcent tralUlmi.alon for Dakota (1.1 Mt) at thermal maximum,
whtl:e the all' shock t. 2~OOO feet thick. (This would correspond to an NOz pre••ure of '\ l( 10-'
rom Hg. or one molQlcule in 10'") 'Ibia La an exh'emely tOiJ&h flaure, .,.nd the shocked-air ab
sorption of the Blue HeM may b. a relatively important lOlctor in the thermal pul.e from a nu
clear detonAtion For furthsr dl1lcu••lon. se. Section 4.6.

1;' in.' hili 11 Rad 1U D and Y 1e Id" In FlculI'e -t.21 is ~hown the radius of lh. mature lire
ball ae a ftlncHon of the bomb yield. CharacteriaUcally, the bright central fireball. meuured
as dellcribed in th.. ~reccding aection. crow. slowly near and alter second thermal maximum.
tts r'uHua reaching a. very flat maximum near 2 t maxn (note qai.n that thermal and hydrodynamic
phenomena Bcale dUfel'ently: the maximum radlu. comes some,,,,hat later for the smaller weapona
In thp seriea) after which it a~arB to de(:rea.8e slowly. See F'lgurea 4.18 through 4.20. The
datum for Dakota l~ the averaae of the 81!veral seta 01 meuuremsnts shown In Section 4.5; hwu
pointll corresponding to two aeries. are shown for fluron and Zuni; and the other maximum radll
are the results of measurements on a stOlle series of photographs of the detonation. The radH
are all normallzed to the shock h'oth radii, as described in the lut secHo""

In llght of the arbitrariness ot· this fireball radius measurem!3nt procedure (which Is evidenced
by the spread of the Huron .md Zun1l-loints, as iNell as that of the D"'lr.ota points, FIgure 4.23) no
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nlgocu' Ulan tillar 11V'::''' lOr Ylel08 up to ;)UU Kt In t«elerenee 1: tn~u 18 to lay. thO! iumlnoul On The
8eM~ of the fUm bhlck~ning; note again the reaervaUoMI of the lut aedlon) a ea of the fireball
i8 some 40 per'cent larler ..

In summation, the maximum radii C'f the flrebaUs of the 10 dfJWnaHona raracine In yl4l1d from
15 to 5,000 kt can be Ut to a power-law dfJ~ndenceon yield. wm~ a relattv. AVer... ct.""lAUon
of about 5 percen, .

A., m met r y. A diacus.lon of the u,mmetry of the smaller fllllballa, a. wen as a more
detailed di8eu••lon of the asymnletry of Dakota, le ~lv.n 1n hetlon 4.5.5.

4.5 ANALYSIS OF SHOT DAKOTA

Slnc(t the photoeraphy of Dakota wu the mo.t 8ucceauliul, till. dtlt.onilUon was COOIit'rt (tH' de
tailed analy.l.. Such a.tudy ~an alao aerve .. a check on the internal enn.latenc)' of the d.tt.ll
a.nd the reduction methode. In all, 13 .erlel of phototn.l?h., taken from four aircraft, w~t'"

readily analyzable. There are aeveral iood matched paArs. selected {ram•• from tne.~ reell"l
al'e lhown In the Appendix. Dakota .ls an .. averaae" wator .hot: it lit reaaonably .ylumetrh;
(but aee Sf"cUon 4.5.5), ahow8 all the feahuH dlscu••ed In section 4.4, and has a normal CQnl

plement of cumulus clouda. Atmo.pherlc data are given In Tablee 4.2 and 4,3. The l-:)(~lI.!lO!P.

of aurface zero. the lelandB. and the aircraft are shown In Ftgure 4.22.

4.5.1 Hydrodynamic.. Th. Um. dependence of the radll of the fireball, abtlOrptlon DbI'll,
and" abock fro2h. aa weH aa the ehell thlckn••a, are .hown In FJ.cure••.n throuch •.a5. 'n1e
film me..urement., and the re.ervation. pertalnlnc to them, are de8crlted In hction 4.4.5.
Howev.r. theae radU have all been me..ured aMolutely, in that th« horbont..l dletant:ea 1r'(f11l

.urface zero to featur•• on the 1s1anda I':..y and Doc haVtl been used a. fiducial.. .AlterMtl~.ly,

the Um. for thll .hoek froth to reach an 1.land point a known diatanep away, was uaifld for caH
braUon; thl. enabled more d.arlr Indicated pointe at aU orlenUtiona to be Uled. _,n of the data
haa been corrected for motion of lhe aircraft but not for the Frame Zero shUt.

The Internal con.latency of the data ls aeen to be very 1OOd, Deviations at early tlml'~ &r~~

due to th. fallure of Frame Zero to coincide with time zero; note that on a lop.~·lthmk .calf!!
thl. effoct mak•• point. ver, far lel*rated at earl, Um.. Th••• earl, firebaH pol:-.tt (I·AlUre
•.23) lie to the left of the Ruk.ll (Referenc. 28) Une••• expected. The dllf.r~n<':.!1 g,I7"PI\I the
.ev.ral ••rle. a re moat Ukely eau.ed hy tlrton In the meuu..ement of thll tilatance" to tba
fidudal ~alal'?d pt)lnt.. ThLa 18 born. out bv tne obaervation that the colnddence bet...n camera
Red-Blue pair. la better than that bet.....n tbe three ••ts of palra. Furthermore. the order of
.lae. 1. the same on each of the three Iraph.. Since the lhock froth .hould have the ••me ra
diu.a to obe.rver. at all anel•• , thl. lot indicate. that the radhll of flreuall and abaorptlon ahell
doea rwt vary appreciably with oMervation snsle.

There i. no .&inUlcant dUf.ronc. between Red '\nd Blue absorption .hen radll; nor betweoC'R
Red and Blue fireball r&dU. except at Urn•• between thel mal minimum and maxlm..lm. DurlR1t
thla time, the tsothermal sphere become. lea. and Ie•• obacured; the Red firebaH appears ap
preciably l.triter than lhfO Blue. whleh hM.I a .harp discontlnulty In size. This behavior ll. afi
stated Ilbove. to be expected. The scatter of the fireball data iit greater than that of the aballrp··
Hon Ihell radlU'l; thlll a180 ill expected since the absorption shell Is relatively sharp qed.

The check with the shock rad~us theory' (Reference 28) is seen to be 'I,'ery good. TMa lendlt
credene., to the procedure of section 4.4.5, III which !;hock rad!! were used as calibration pothts
for the radii of the other features of the other detonations. The radU of Dakota are a@en to hat e
the same leneral properties as thomt' of Shots Lacros.... Huron, and Zuni.

The lnternal c0n"lstenc, of the.~ m...urementa lndlcat~i!I that the Umlnc o( th(!" 6Ut cam.ru
was sen8~biy the 8am~ and .I.l"e',t~' that it Is reasonably ~ude iI. aSllurn~ that the GSAP {~lUl'ier'!f.8

may be used as docks for the detonations.
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,Red p~lr, werf! ViAl,sed. In llddUlon, two tahtphoto frame. (at 8.COnd thormal flux mu:h .um)
ff'QM t.b~ Dlu.-~ paired aerl•• 38289 and 36~~OO were compared. The firebAll 1. "er, ..U
cunterfl4l :oft tbe.e pbotocraphl. lb. reJult. are, of cour••, vaUd (»nl, for the pIlrtlcuLar obu
1i8l"VaUon allll... The optlcal parameter. of Q,h. two lutts of lena•• and tbe aircrdt ra.....' .j

alttt,~a ~re Ih,en In Table 4.14. Note that the nelda of vlew u'e conalet.nbl, .maller Ullin
\:~. notnua.lly •••octatltd \l!1th • tdlometer. and alorlmeters. In con.equence the retati'Ve and
~h.te contrlbutlona of the albedo wlU be undere.Umated, perbapll eeverely. Furthermore,
tCllf: umera llnd rlim .y.tem ml.:l, fof' the uaual photOiraphk reUOM, be r••rded lit.' a re
ceptvr who.e .enslttv' y varle. a. cOl~ 8, nare fJ 18 the ancle betw6en the Incomlnc ray and
Ule optlc axle. EG6(; have lltated that vtanettlntr and aberraUi>n" are .mall tor the .mall en
~ranc. pupU, used. (C08~9.xtreme is .hown ln Table 4.14). nat. f.Uoff has the .ffect of re
dUclna .Ulbtl~1 the apparent albedo contribution, but I~nce the effect 18 small no correctlon baa
bee,. made. Th••catterlp" of ll&ht out of the loftier paths to off-axial polntl 11 another factor
In 10..r1ne aplwu'ent aurfac4t or£.chtne••el. However, polnt. on the fireball are alwa,. within
10" (.. arc ca.' 0.94). Note a1.0 the cavemt of Sectlon 2.6.3, which tends to make the albedo
lomewhat high.

The optical d....1t l~. of the fUm, m.asured alana a.v.ral .ean Une8, were copled onto an
enillraemtnt of the (rame. ''hen the brtchtne••••• u taken from the H lind D curves, were
copled onto another enlarg.m.nt. An example of such a lJrlchtne'll plot 'e Ilv.n lnFtcure 4.26.
It wu found lmpracUcal to attempt to trac. laophot Une.; thi" would have requlred an lnordlnate
!lumber of polnte, of conslderably bleber accurac, than thol. that could be actually m.uured.
Inatead, areu of e...enllally con.tMt brl&htn••• were blocked out by traclnc oyer the pboto
,rapha witb thin cro.a-sectlon paper. The total llebt flux appearlnc to emanate f1'om fireball,
.hock froth, un.hocked water, and cloude was computed by countln8 the n;unber of aquar. In
.lde each constant-brl&btn••• area, multiplylna b, this brlcbtne.., and addlna. Tbla procedure
i. n.ces.arll, .ubJectlve, e.peclallyin u.tenment of brilbt....... to the rllpldiJ ,aryl.. clouda.
The me..ur.mentll were mmde by one oba.-rver, .ven thoulh conslderabl. labor waa n..a.d to
anal,s. 8 Ilncl. frame. Ill. e.timated that the r••ulttl Ire accurate only to about 20 percent.

The thermal contrlbutlons from the varlowl elements hay. not been cox-rected for bacqround
a1r-.attered ltcht. Conaequently for .bock froth, re..s .hock froth plUl alr-Ucbt, and.o forth.
Thei'e ...ma to be no way of malt1.. thls correction w~tbo\lt ••rloul, preJudlc '. the r••ulu;
ln one c..e~ ho.....r. an attempt in tht. di,..etlon .... bMn made. 'lb. data 18.tao uncorrected
for tbe loa. of apparent brlcbtne•• of of1-ulal polnte, d••crlbed abo.e.

serle. le2~e and 38233 were eboaen beea...e tM, are eJqJOHd to relaUy.l, b..... denalt"
which affords tIM wtdIt latltudn netldod to •• accurate re.ults on tIM low-b......toe•• albedo
polnte. E••n 80, the Blue 1. -a dim that olll, a fe,. .cans Mar thermal fl\l1l maxlmum .... uae
abl.. The a.d i• .a briCbt as to bal'e a leu nan near tbe center and a brlcbt rlm around the
tdle at frame. near thermalmuUaum. t !\fortunat61" 3elle baa lAtp yarlatlona ln lbe .huttor
openlnc time (Sftetlon 4.1.3" and eo frame-to-!rame corapar~ucannot be made -tth complete
,atet .

Note alafo tbat tbe anal. 01. obIIenaUon (u mauured to lIiurface &oro) decreu.a from 88.7
to 18.5- from Fram. 15 to Frame 375 of ,e2JfS and 38233. It ahould &pIn be stre,MeI that thf'
r••ulte p.....nted 1n the next sactlon Ilre appllcable onl, to tbt. ,... 01 anc~••; that ••timat••
of contrlbuUona 01. nonparulal fiu wlll be too low; that air-.cattered Ucbt 1. amearl'td ove, the
r••ulla; and that tbl. m~bod of anal,ats of th_ mlcrOOensltoll1eter data it nee••••rlly .om~what

arbit rary and lnend.
R•• uU •. The reaults fl-r the two ••ta of .e:-l•• are _bawn ln Table. 4.15 to <t.18; .ome of

tb. value. from Table 4.15 Ilvlne the thermal flux partition, ate plotted 1n Fleur. 4.27. Al
tbouab the h' ,-matton la, u noted 'above, not particuh;rl, accurate. It •• rve. to lUu.trat., in
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••Uon polnt deer.a••• monotontc.lly from eo percent to ~ p8!'<:.nt, e"en tlWuch t.he fireball i.
(Jrowtnc bt' about a factor 7 In area. Th. reuon for tMa decre•• ia the incr...ect importance6' the albedo of the .bock fruth, from wtlich l\ppe.~ to emanate over 40 percent of tbe Red n
dlatAon In the tue tram.. ....nwhU. the fractlon of the llpt appearll'l to come from the water
.urfee. (moeU, .1r-aeatt.rmc; ... abovo dillcoelona) decroue. markedly, which is hareU,
.urpryiItC in that 1n lat. frame. v.ry little un.hocked water appean ~n the narrow field of vie.
of me .PftotoIraptl. A oormal complement of trad. wind cumulu. cwa are In the flald of view;
the ClOfl••t, moat important of the•••• ev.porAted between Fr.me. 85 .nd 150, 10Wltrlnc the
cloud elbedo markedl,. Th. cloud contrlbutlon Ie aeen to h,cr.... ~In a. the WUson cloud I.
formed (bet....n 4 and e aeconda).

Cl••rl, the fi....U proper and dev.lopine .hock froth domlnlt. the thermal flux ('vUhln the
alrl.....nt condillone mentioned above) for a flat detector pointed at .urfaee zero. '\ would btl
deelrabl. to ••Umate the alr-H,ht contrltmtlon to the flux appearlnl to come from the 'llock
froth. Note that the ratio of .pparent brlchlne.a Jut Inalde th.. ahock froth to that JUflt outaide
doe. not v.ry with .t~e of the ahock froth, and hu an aver.,. "du. of 3.3 (DIE and G/e In
Table 4.17). Thla would indlcate that the fractlon of air-ltcht 1n the .hock-froth albedo 1. con
stant at .U dl.tanc.a from thtt fireball. If It I...aumed that 8lJ percent (a reuonable ltcure,
but s.. below) of H.e flux appearlnc to come from the uuhocked water la In reaUtyalr-lteht,
then 28 percent ( .. 1.00 - (3.3 - 0.85)/3.3) of the l"ht .ppe.rl,. to come from the ahock froth ...
• lr-aeatt.red Ucht. The raw Mta hu been corrected under thl. aasumption and le abown ..
duhed Une. 1n the Iraph of Fleure 4.27. The fraction of air-licattered 1IIht ls I.en to deere.a.
""'.1'1, with timtl on thia aemUocarithmlc plot, .nd tbe relative ahock froth eontrlbuUoI' In-
cre.... l ••a rapidly than wben uncorrected but atlU fut enoqh to drlv. the fractional alr con
tribution down. Th. unabo,-:ked water-lllht, 15 percont of the uncorrected alr-1Ilht, has been
.uotracted from the corrected .Ir-ltcht but Ie Itaelf not .bawn In the fteure.

Con.ltjerilll the total lUuminaUon, it .hould be noted that the bllh-a1bedo, lrowlnc shock
froth should make for Ilft Increue in the th.rm.l flux; the ahock way. la condiUonlns the water
aurlace, eo to "peak, for increued .lbedo. However, becauli. of the ••rloua frame-lo-frame
bll-htne.e nuctuationa, the total u.olute .hock froth contributiolUl ca.nMt be eal.l, ev~lWl.ted.

Note, for exampl., that the total flux from Fram. 45 ia hleber than that at maximum, 1n Fnme
G5. ('lbie correlat•• with tbe r..ult. 01. Flpre 4,28.) Note .lao th.l.t the evaporation of the
nearby cloQd .-educe. ttl. cloud albedo from 10 rOOO to 2,000 unU. from Fr-..nll! 85 to F._me 150,
whlie the ftrebaU ita.lf Aa 10111I from 4'~OOO to 16,000 unlta. For the typical .tmo.ph.rlc condl
ttOIW c( DUota, the 10.. In cloud .lbedo compl_at•• in 1*" for the ,rowth of the .boa froth
(thla lat of oou..e., a for~ultoua aituatlon; .hock··indu~••apor.Uon of a cloJJd on a 11ne between
the fir.ball • td obIe".!' W'(AIld lncr.... I M flux).

'lbe Blue 38233 eerl•• 1. eu underexpoeed that the perceotqe flux ..ellnMenta In Table 4.15
ahoulcl probribl, not be ~n too .erioual,. For .umple~ moat of tM flux from tbe a1r la un
detectable, the Ulumlnatlon belna dowr. lr.l the fUm blcqround foe.

The 36300 Red- 38m Blue pair of phoqrapha ahow a .m.ll.r field of view than the 38238
38133 ••r1ea, .nd conaequ.nU, the fireDall appean to Ilv. a rather taller fr.ctional (:ontrlbu
Uon (Table 4.18) to the tIl.rmal nux. Since the &OC1e of Y1ew la lower, tbe rear of the .hock
froth i. obacured by the Ilreball Rnot tM ahnck. fa'Otb contribution 1a lowered.

81l'~ghtne•• Ratio •. Th. brllhta••• at variolUl pointa on til. photocraptw and tbe corr..
.pondtftl fr.cllona of maximum brllht....., an ehow~ In Tabl•• 4.17 and 4.18 (It ahould be re
membered that alr-lllht III smeared over theae brtchtnea.es). The plumo, u expected, leta
more 0l*lue with time; the cloud and laland lUuminatlona .eem to vary with thf firetall 'Orlgbt
n• .,. (8ectlon 4.5.3). Note that 80me polnta on tile nearby rilbt-hand cloud In 3t236 an !Jome
35 percent as brlcb'"a the bright••t polnUl on the fireball. The.e refluU8, and tbolil9 in the
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than the dl rect beam la'om th., 11 rebA11 to the came ra .
The shock froth, at itl edae, appears to be about thr~8 Urnes at br1&ht as the un8hockf3d

water in the Red and twice u brtaht 1n the Blue. This ;lDlds over i large rarce of shock radii.
and varies HtUe with that angle of obervaUon; note the data for the sldf"l1 and rear. Aa.enme
that the fracUon of the aJ.lparent lteht that is true albedo of the unshocked w~ter Is (. Then
1 - £ ia alr-scattl'red light; the raUo '1 of the albedu of the shocked water to tbe unshocked.
water, i8 liven t-:,'

3- (1- f) 2 + (
(Red)'1 ::

'" £

1 + £ (Blue),7. _._

f

or, in general
~ - 1 + f

'1 =
f

(4.18)

(4.19)

(4.20)

),.

\

I
\

f

Where ~ :: apparent brllbtnees ..aUo.
The ratio" i. ,iven as a function of f for various E '.M Table ".19. The experimental varia

tiona in (, coupled wah the unre:-t.tiniy vi. ~ ....,,~ :tau lack of specific data on tbe albedo of shocked
and unshocked water mak•• assignment of correct albedo raUoet (Of, conversely of accurate f'S)

extremely uncertain. HOWftver, certain commf)l1ts and a discua.iol1 of .ome of the albedo data
found In the llierature are in order. The shock i Il'oth i8 a water spra, containlnc lar,e droplets,
hence 18 whlte; tta albedo must He near that of dense cloud8 or freshly (a11i)l1 anow, 0.8 (Refer
ence 30), since It Is undoubtedly opticJ411y thick. The specular refhtctance of water hall been
found to follow the Fresnel formula up to wind speeds of 9 knots (Reference 31); this forodlla
predicts a renectance of 0.03 at 45° from the normal, a typical anale of incidence for the llf;ht
from Iurface detonations. A Lambert-type albedo, ,,'h,d, 1e the phenomenon of interest In
thes. exp!rlmenu, baa ~en meuured {Reference 25) by poinUnc a apectrulraph at a WIlter
.urface alld at an incidence anaIe of 45 ft

, at 90° azimuth from tht" sun; the results were compared
with thos. front a .ta~rd macne.llAm oxide powder lurface. Albedos ranced from 0.115 at
4,000 .t monotonically down to 0.01 Mt 8,000 I (tbia corre!at•• with the blue-Irefln color of water
surfac•• ). Whlle th••• value. do not acc~rat.ly fit the field eltuation, they lGelleate that tor tne
Bllilf ("" 0.20. For the Red, ( may well be lower; tbe h"'her meuured value. of ( tor Red
.y.tems are con.latant wlth the low un.ho(;ked water albec:kJ,a of Reference 25. In leneral, a
value 01 f .. 0.15 hu been adopted for u.e ~n other ••ctio"" of this ~.pon.

The brllhtne•• at the inner edce of tho ahock froth la compared wltb that at ita nellhborlnc
point Ju.t ."UMn the abaorptlon ebell In Table 4.18. Thertl Ie conaiderable .catter of point.
here; clearcut Rod -Slue eIlft.rence8, If any, ant not r81101ved. PreeullUlbly, the vlllw ie throuch
the abeorbine shen at the shock froth in the.e photocraphe; the data live••ome idem of the trall8
ml.slon of the aboeorptl,m .hell. The emearlne effect of. the alr-It.cht hel.- muk any Rcld-8lue
differences. The abeorpUo_~ lI/1leU will be treated In more detall In Section ".fI.

Other Contourln. Fe(.tu ree, The Blue flreball ... rface. appear to be ran~lumly

lumpy, e.~cl.Uy In frame. befor~ second thermal ouudmum. 'ibIs .hows, qualitatively, in
the Tlakota phololrapha. The brlf(htne.. of theae excurllons II often half .. Ireat as that of
neighboring point.. The Red mlcrud&fl.Iltomeler tracfl8 do not show th••• oa entation.. In addl
tion, the mature Blue fireball showa llrnb darkenlna, bell'll dimmer 1 tits adles than at the cen
ter; the Hed ahows far It!lll!l lIm'D darken,lng. to. mea.un of this ta the ratio 8/A of Table 4.18,
an effective fireball ;ilrea which for the Red Is 3 to 4 Urne. u hlah all the Blue. This ~lnt will
be-Uscuslled In the next sedloR.
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~.5.3 Time Variatlnrw of :nreball Brightne.s. The fireball luminous surface 1M tht' ulUmalt
,.,'Jurceofailthe rhermCii.T~, inckHng the-large albPdo (~ontrlbutlon dl!\lcUSIp.d in Section 4.5.
Consequently, the Ureball output is li reasonably geod mellsure of the time vP~riatlon of the the
mal pulse amplitude. The br!ght,ness varie. only relaUvely dowl, over the fireball surta..:-e
(Section 4.6.4), especlally in the Red, and the fireball area ,row. slowl, alao; therefori:, the
maxlnum brightneas found on the several mlcrodenaitometer trace. rna, be used lilS an indicat
of this time variaUon. It shou'd be emphasized, however, that thia proce1ure lives a lel8 th~;

perfel t meuurement of the true total thermal flux time varlation, and the data should be takef
as aecondary to the radiom~terAnd calorimet"r data. However, the reault8 llfe of some inter
{rom the point of view of firtlball physic8.

Such maximum brightnesses for Dakota :U'(~ @howl'l in Figure 4.28. Theae are the m. tima 0

the smoothed traces; the erratic hot spots are excluded" The Urnes have been COf!"ect J for
zero-shift. It should be noted that dl1ferences in filter and fUm syatem bandwidtha, alld airer:
slant railge8~ make intercomparlson of the absolute values of points on theae several curvf'S
dlffl.:ult.

Tim e toM i n 1~n u m . ·~.,re Is evidence that the n~inimum in the Red comes earlier tha
1n the Polaroid (whlch h.u Jij, elength-aell8ltivlty as shown in Figure 2.2). This is borne out
by the data from the two Polarmds and three Red series. Note that the l'olaroide, which are
paired, ch6ck q'uite well .Uh one another, 9'1 expected. (The light frorn fireball surface is nol
expected to be polarized.) This time dlffcrtmce is of tile order of 1/10 the (averaae) HOle to
mInimum. Unfortunately none of the Blue photographs re~olve the fireball from the backgl"oun
fUm fog for about 10 frames near the minimum, and an interpolation of the data in this region
i o

-' very uncertain (as the Iraph shows). Consequently, a narrow-bltnd comparison 1s not poss.
and the Red can only be compared to the wide-band (4,000 to 7,000 A) Polaroid. The direction
the effed i. In the same direcUon as that observed with spectrometers (Reference 32) and is tc
be e1C.pected on theoretical grounds (Reference 33).

Tim e to Sec 0 nd Ma xi mum. The acaUng laws. -redid a brightness maximum at a
time very close to 1.0 second. This alao appeara to be the time at which a broad maximum in
the maximum br1l1 tne... of the fireb1ill ia ob8erved. The fireballgroWli very 810wly near
tmuU' 80 th1s effed i8 expected. The meuurementa do !ltt resolve any dU(erences in the
maxlmum-brtehtne•• time amoRl the Red, Blue, and Polaroid photographs. Note the severe
lluctuatlonc in the 36236 data; this phenomenon ia thoUlht to be due to variations in the abutter
openil1l l!m. t and ia d&'cu.atld later.

M a xl mum - II 1n i mum R a tl 0< a . The ratio of the brightness at 8ecoOO thermal, flux ma
Imum to the brilhtnea. at minimum, appears to ir.creue wIth deerea.. ing wavelenath. For the
threll! Red series ahown, this ratio Hee between l' and 20; for the Polaroida, U is 630; and for
~he two Blue .erlel an lnterpo:atlon ahowe it to be of the order of 2,000. (It should be noted in
passina that the fii'eball Burface ana goes up t;y about a factor 2.4 in that time, so the total
the.:-mal flux raUoa will be sUll larger.)

Cur v e S hap e Com par i .0 ns. Th", shape' of the talioff after maximum &1 cloaely the
aame in th~ Red and Blu. pboqrapha (tnla effect 41hOWI! more clearly in a semllogarithmic pIc
but the Polarolde h&ve an apparently steeper falloff.

After minimum, {he rate of climb 01 the brightne8s c\I&"ve for the Red firebu.U i8 ,.lower thai
that of the Blue; the Polaroid is intermediate. This is, of course, connected with th'" low(!r in
tensity of the Polaroid and Blue fireball. The effect of the luter rise and similar flllloff, Is t
make the Blue maximum-pulse narrower than the ,Red; thi8 holds for the Po14rold alf\o.

The maximum tH"1ghtne88 ilt first maximum in thE" Biuc Is l'elt"y low tompa.n'd to that in the
Red and Polaroid. For tl'iLlle latt... r the flrebaH bright"'?;: then Is as high as, or higher than,
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sees a relaUvely cool 8ur1a(~e.

Another feature of SQilU!' interest here Is the (logarithmic) rate of change of brightnes8 in
these very early Urnes; this is greater fo~' the Blues and Pol~rold8 than it is for the Red. }'or
example, both Reds 10lle In brightness by onl:; a factor of 1.2 In the 11M-second time ~.nterval

centered at about 0.01 sec, whlle the Blue and Polaroid are changing by about a factor 2.
Cl 0 u d B r 1g h t n e s s; Shu tt e r 0 pen 1ng V II ria tl 0 nil. The albedo brightness of Ii

point on a cloud several tlreball radii from surface zero should also be a measure of the inte
grated fireball brl!Jhtnti88. The V-shaped cloud to the upper rl&'ht in Series 36236 was scanned
along a horlzonb.\ Hne intercei'tlng the second little spur from the bottom on. its left side, which
appear. as 39.0 I" Frame 0 (Section 4.5.4). The brightest cloud point in this vlcinity·,-at. 6.3,
39.0 in Frame 0- was found, and its br1ght"'~88 plotted a8 a function of frame number (Figure
4.29). Also sh<wn ill the water-background point along this line, taken just before the sHt starts
to pallS over the cloud. Repeated vertical pos~tioningof the sHt showed the individual readings
to be reproducible to better thlln 5 percent.

The readings show severe uncorrelated frame-to-fram.e fluctuations, neighboring points
dlfferlng by as much as a factor of 2. There is some indication that these start at about Frame
15, but slnce only 1 percent of the total thermal flux has been emitt ...d by that time, it is doubt
ful that the ("..use of the fluctuations could be thermal damage. Note that biBh cloud brightness
ia alway. correlated with hlah water bacqround brightness. Presumably this overall frame
brl&htne•• varl~tlon 1. due to variations In the (nominally 1 maec) opening time of the camera
~hutter. While it ia believed that the camera used in 88rle. 36236 gives extraord.1narUy bad
results, it appeaR from a closer examination of Fl.gul'e 4.28 that this fallure 18 endemic to
GSAP-type cameru. Con.equently, caution must be exercised 1n making comparisons of
brightness amone frames.

Over and above the.e fluctuation., Flgure 4.29 has the general shape of a thermal-irradiance
curve. Such a cune for Dakota, taken from the 8-57 with 90o-flpld-of-vlew calorimeters for a

°pa..band 7,000 to 9,000 A (that is, Virtually the sama as the Red re.ponse) is alao shown in the
f!IUre; the fit .. a.en to be rather good. (11le radiometer clirve il arbitrarily normalized at
Its maximum point.) However, the cloud brllhtnesses at the two thermal maxima do not mirror
the sltuatior. ln FleUre 4.28, which shows the fireball to haVf~ ess.ntlall, the .ame brlghtnes8 at
the two muima. Till. effect i. probably caused b, the increue ln fireball "rea, which gron
by about a factor 7 in tbi. Urne; aod by the l••senlng of the distance from the fireball surface to
the cloud. The projected dl.tance to the cloud from the II reball edae deere..e. from about 4 to
1.~ fireball radU durllll this time (deillitometer traces show the fireball to be only half its .p
parent .ize in the nece••arUy poor reproduction of Frame 0). The actual dlatance to the cloud
lS IOmewb&t clo·:it than thi" projected distance; the alr shock hu alreMely reached it by Frame
150. while the ahoek iroth baa n~t.

AlBo shown in FilUre 4.2G, 18 the maxlmum-brl&htness eurve for 36300, replotted from Fig
ure 4.28 and normalized to the radiometer curve at thermal maximum. The muimum-brlgbt
ness curve Hes abo"e the radiometer curve, bot" befort" and after maximum; thl. may be PArtly
Que to the normalization procedure (note the acal...er of the points n u maxlmum). This effect
i. rather difficult to correlate with the other observations of this atud"

It may be concludtKl that the re.ulla of tltl. m.:dmum-brlghtne•• approach, both for the fire
ball and the albedo of nearb, objects, muat be interpreted 1f1th con.!derable C•.uttOR; results as
described In ttl!. eectlon are only indlcatlv~ \1f the total thermal flux pattern"

4.~.4 Comparison of Polaroid Pictures of Shot Dakota. Beries 36249 and 36250 are comple
mentary pnbro'ld teTepho"to photolraphl, taken on MicrofUe fUm. They are shown in the
Ap~r.dlx. Thele 8erle. wHl be referred to as 6 (horizontal paIu1z.tion) and .p, respecUvely.
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ference in e,uly (;::' Frame 8; '1\I)grnfJiv, hut. only a negligible dif(('relll'l~ ill tatel' OIll'S. The
phutographs show the whole Hn'!hall up to about Fr.lmc t: but only auuut two-thirds H{ It, •,ll IIw
average, th('reafter; no island fiducial marks appear; there is oJ small ('luud at the ldt III th£'
fireball appellrlng at a projected d.'stancu of about 3,500 feet from surface zel'O, and a rather
large cloud 13ystem ilppearirijl; under and to the lower right of ~he Hl'chaU in the photogr~~ph~, al

at about 3,500 feet from surface zero. Unfortunately, the cameras su;rer sumewhat from the
drawback of variable shutter speeds (Section 4.5.3). This effect is apparl~ntl!l Figure 4.,20; it

evidenced by the greater fireball brightncss shown there (the light from the Un-ball is not (~X

peeled to be polarized).
The following pail's of photographs were eumpared:
A, Frames O. 0 and ep
B. Horlzontal scans only, through fireball center, on Frames 1. 2. 3, 4, /I and (Ii
C. Frames 7, (J and ep
D. Frames 9, (J and ep
E. Frames 24, f) and cp. These were rejected out of hand because the shutter opcnlnfoC vart

Uon was too great; pointA on cp -Nere all about 50 perct'nt higher than correspondlng 1>l)in1" on iJ

F. FrameS 64, 6 a 'd l'
G. Fnmes 34 and 44, f} and 39, cp. These too were rejected for Urlghtness-dlHerencc n'a~

Resl:lts of Frame Comparlsolls. Frames Zero. As expeckd, situ:e <p is
0.006 second younger than 8, corresponding points on the photographs are con'~iderably brightl
except in the immoo~te neighborhood of the sm...ll~r fireball. Thls makes absolute comparls(
of the 8catterlna and reflection ratheK" rtlfflcult. The angular distrlbutions of' tile all' pluli wale
albedos are "h'::.wn 1n Fleur'e 4.30. Note that for both polari%aHons the brigblnesaes to th€' 1·41:1
and left of the fireball correspond closely to those in ftonL This effect i8 observed in the !lee
and Blue serles also, and Buggests that acaUerlRl from the water 8urface, at least at these
angles, 18 small compared to air scaUerllli: there is no special forward seattel'log (from a
water surface). The few points behlnd t:,e bri,ht :Iemist>here show a somewhat more compUCt
behavlor. The vertically polarized Licht appear. to fall off more stet-ply than the hor~ontally

polarized; the Ilopes on the lOCiol plot belfll- 1,7 and -1.1. This somewhat unexpeded beha\
of the albedo liiht A8 explalned by the observation. on 8u(ceeding frames.

F ram e 8 1, 2, 3, ... The brlihtr."uel a... fundlon of anile from fireball ~dge, mel
ured on a horlzontal $,';P\l to lhtl r"ht an<: through the center of the fireball arQ! shown in FigUl
4.31. The shutters appear to be quIte wen)~ha\'ed, but the dLfferenceB ira time zt"ro again mli
ablolute Intercompari!ion i:npoulble. 'fhe 111000S of such ioglog plots appeal' to decrease a8 .
fireball iell larler and less belcht; lal'let lumlnariel result In flatter aureole.. This hi pial
ible from a. superpo.itlon-of-polnt-aources v!<3wpolnt. This same behavior is observed In the
Red photographs of Zunl (Fleure 4.16); however, there 18 some Indication of dteepell' slopes fc
.p. NotA that even at three or (our fireball dlameters, where til;.; fireball should appear al a
reasonable polnt source, the SlOpell in Fr~lne8 :'A~ro and 1 do nut ~olncldc. (Thl~ nonllnearlt:
sua.atl an admixture of IIcatter1J,~ from the water surface for ~he taller flreb:llL)

Graph_ of brlghtness of lXJin~. ll8 measured from the flreball center are steeper m~a~" the
flreball ed&e; the slope. of the curves comparable to those In Flgure 4.31 ale about 3.

F ram e f! 7. These photograptul are somewhat past thermal minimum. The radlus of /I

by now onty ...oout 2 percent greater than that of.p, and Us peak brightness appears 50 pcrcei1
higher. However, the oldel" 8 ~hows more 11mb darkening (tha~ l8, the mh.:n>densltometer
trace aero.. the fireball cente 111 more bowed; {see Section 4.b) and at a1:xmt two thirds flreh
radlus frvm the center of the l''NO fireball l'Jurfact!'8 I}lave equal brighhlP88. This is au Intrll1s1
proPftrty of the flrebaH and its Rurroundlng ljbso8'lh.~ medium which dOt~8 not appear til be po
lzaUon-dependent (sel below).
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tilt' lnhmsIt.y I~ not great enough to p.~)rma ~, propl'X' 8~~a.tterhtg f\\l1cUon to iJe ml~ij,08ured. The
hrightf.';r 0 1., {'OUHwnant with ireate~' (.l wattH~ scatterlng or ah' scattering" 'J'he shock fr.'oth haa
nct yf:'l die'lfAoped swficientlv to be useful for scattering rneaSli':tements.

F' r Ii\ m (.~:.; 24. Sinr.e tht: shutter time '/ariatlon here makes points on 11 all a!-our 50 p rlient
bril~hter than c.::>r'responding points on 8, Ul£:se photographs were not analyzed.

1" r .111:1>1.' ~ 64; The 1" m a \ Ma x i mum. The Iirebali is mat,u re, and the dille rences ! n
~Jmes :,~e'ro ehould huve a negURible effect. The max,lmum brightnesSCH in tbe !1rea~Jl here are
:,ll.xlut H) to Hi pert:ent higher ror </J; this hohib ~or five separate pairs of a,~aml over t.he now
l,uKe fireh;ll'.. However. in spite of this dlf1'ereuc'.l'l in flretdll center brightn~'ssJ 0 is generally
20 to 30 !Jt'i·':ent: bdghter trlt'ln q, on t~caherlngBI.tr!!aces: thhi obtii)jm'l for water a.nd shock froth
!:Ill-daces tu the .raght. and I,.,tt of' the fireball, :as well as those An fl'cmt of the fl.reba.H. In other
words, j,o ('I/\ch (If the 8Ca!1S the opUca\ den!lHy of cjJ photographs 18 lu'ger a~ corll'espondi,ng
p01ll'l8 10. the Hr~ban, crmHIcsthe tri'.~~! of A somewherto~ 1(; 'he absorption ~hell. lwd thEm is
klVI~r thrIll tht~~ O-UllHcai ~~msity lIutsidf' d the self-luminolh~ l:ue~. This indicates that the !JI

alDJel~b is of tue order of 3'"' p<!rc.f.'/.lt gn,'~ ~r than the ep ~lbedo, in all diredh)m"
Pl a m'i' til 39 and 4 .. II and 39 !tl. Agahl, no comparl:mo was possible.
p II) 1at ..t, ,1. j i 0 I'. (' r the :) i. () (' It Fro t h , A aeries of density alld brightness measurem~nts

wa.s 1,:l.aCe at al.ijal"eBt polnls on the shock frotb boundflry, one point lying within the shock froth
al10 the uther just outside. This was dOIl~~ r- (I Frames 10, 25, ~,~, 45 .. a,nd 65, and ep F.r:'mes
10, 1?,:t5. 40, and 65. The brightness jURH Inside' is two k four Urnes as great as the outvide
brightll~'~,'S, as hi olJserved with the R.-!d a 1 Blue photugr..:phs (Section ,4.5.2), Also mea8ur~d

was ttl« brlghtn~88 of tht' shock fr.o~h, on h~ imJi,de (HnbaH) edge. In these measurements, no
ctiff~rel;lI'! between the scaUering patterns of 1/ and ep was reao!vable. As was pointed out above,
the df1lerencee lo shutter Urnes makes absolute' Il;"!,lparlsons dLfficult; the evidence of Frll.-ues
64, howp.ver. suggests that O~albedo, IlIlCOrrect;, r air-l1Kht, 1s Ir general some 30 Iterccnt
hiKh,er than ep-albedo.

The shock froth brightnes8 «;;en·easc6 from the front of tt.'t fireball around to the sides. T~e

1Jdghtn~88 at the a~dos ')f the f.!hoc!< froth is only 60 per..:cnt ,is Mgh a& at the front. Th<a, shock
rlillg app"JarH !\':ymmetr1c ~bout a cer"er Hoe, as expected. The dfecrease may be due to lOf' ab
fiorpUo", of llght by the shock«:d rdr (Sectinn 4A.5); the polar1zed llght from the shock froth shawl'll
thtl) charade!"llJtk rniniml.lld (sal) shown mC,lre sh'lldngly in thE) Blue p~otograph8. This lends
cn.:<1"nc{' to the argument given il"i &"cUon4.4.5 that thf\ f~o"I1''''d nir 15 absorblng because 01 N02
aU8orption: thE) sag in the 1J1lock (rol;1 is less in the P0131'0lu . ;lVE\hmgths as expected, but l!lone
thelt"~e it i@ def1nltel~/ detectubl~.

S OJ III mar y. In i;e'nera:l. the (IveraU thermal flux is not .itro",~ly pv.';,\riut1ora-dependenL
TI)(. (/·.. albedo appl'al8 In Frames 64 to be some 30 percent hlp;ber than t.he q>-albado; there Is
cvidt~nrp in Frames 9 to riupport tn.s: since Ule albedo cont rbut~9 roughly hal( of the nux, the
t,otal 1/ flllX would N! aOOd 15 percent greatt r than the 1J-flux. Furthermore. there is a vel~y

wf';d, lJ1~h'lHttln that Ihe v~.·rtl('ally IKllarlzcd air-cum-water albedn h28; slightly faster faUo.£!
\Ii! "~Jf' t rom tht,' Ii reball, than d(leK thp hlJr\~,ont.~U~r polarl7.ed albedo.

II~ :i~:M "f the Hill/Her variationR ~vnl the time 2er '. differplH', finn ul'per limits to lh~' pol.\lri~

.',l~.i"l, ,.1 Hw li~hl~ irmn HIP v~"tous features ill Uw phllin~raphs cannot be safely give... lJIHp.l'enceR

III t;w 111',,11;111 "f'ak :l:("lKhtncRs: limb r1anwnlng, aHd abRlll'ption "hell brLghtne~... es are lK.t resolved.
':'hj,~ iWI ~k", tha'; the a;J~"rJ.·hlll shell. ,u,d .fir !':ihol'k 'jUl'nualE> by absorption rather than :'":,'atfer.·

In~. hI 10:110"'" III I :·;\'ri· h/lot (Hfkrmll"~& bel,/een th~ two po2.ar.7.aHOl'S \1' s(:pno

4.':>,5 Asvmnll:t ry..\n ~·em·ral. lIw B1I'rJllai f'!Hi"!'HDIl of t~:(' fireballs and theif' refleding
l'1l'lV~'li1H'-apP('a-;;, t~-;-lH' SV III met I'j I' at.>( mt ;: vp ..!leal 1,:1-'111 roll axJi";. as the phohiE{t'uphs j n 1hl' Ap.
V('"dI.X~~'(IIili. H'JWI'Vl'l". lor ,.... maUI'}" w\';n~.ms, UWfe uta:; tw l'Pil~sidtlr,'~bleasynundry: and a
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alaole 1~,pinLt fiuduaUons [au~l~,s bt,-I,,~akUp.

The Ede flrebaH begln. to aBIIU1'flt.'t ~ Rqutlre shape f1hodly after t maxU; the oq·,;,are 1s quite
w~n develol-~d a~ 2t'll ,xU. Dur!ng thIs Hrn! about R third oj HIe total thermal nux 1s emitted.
Somewhat simH:u 1ea"uteS1i1i'"e noted for Lacrosse, which has a very rough f:lurflu:e. From the
high (6&~) olutervli'tion alJ&lt" the Lacrosse plume (itAelf asymmetric) obscures almost hall the
fireball t\t e8coo.d thermal flux maxl,mum; thls phenomenon is d~BcusBed in Sectlon 4.4.2. The
!l8ymmetry "Jf the Lacrosse fireball Ifj furthe~ evh~enced by the variation ill illumination of the
shari froth (f.{edion 3.2.3). Calorimeter-radiome.~errepults on Lacrosse show definite dUfer
en:r;sa in the therm91 flux h18tory of the lan.d mnd water sides of the detonation (Reference 34).

D D. k 0 t a As y m met r y • The asymmetry of this device ill •. )t, as menUoned Initlally ~

e-v1dent from a vislolal examinahon of the photograpblc record. It requires a very large number
of IIcans across a large number cf !'ramea tn prnpttrly characterize it; for this reason, only
Dakota haa been thus analyzed.

The brightnesses and brlgettness ratios (a...,ymmetr:-y) are !lhown in Figure 4.32 for- the Red
and Blue Ij~ans of Table 3.7; the figure also shows at what point.. on the microdensitometer scans
tb-.y are taken. the time at second thermal flux maximum wu chosen for observation; a8 will
be shown later, qual1tatlvely similar reeulhl ax~ obtained at other Urnes.

Attempt" were made to redure all of the brightness figures to a common base, but owing to
t.he f~ct tMt the fUm calibrations did not refl?ct the actual conditiol1s of use~ this ~a not po8
slbla. A,s a. resu1.t, the brightne81 figures must not be intercompared; the ratios however de
scribe 1n a semiquantitative way the thermal picture of the flrtiilaal at 6~cond maX~'llum.

The B-57 ar.d 8··66 records are taken from the same side of the fireball, and they are in
essential accord; on this side th...> fireball 1s thermally symmetric bl the Red photographs. With
the Blue fllm-fUter ~omblnaUon, thare is definite evldenr,:e of symmetry; the ratio of the bright
ness on the right side to that on the left side is 1,'1 for thf! B-5', and 2."5 fot the 8-66. The
mlcrodensllometc~ traces show a definite unlfOl:'rn .a~, which is not attributable to cloud effects.
'Thews s~ns were taken acrOBS the fireball at. HIt!, same If: vel; as closelya8 could be determined,
they were made about a third of the d18ta,nr~ :'rom til'll top If the luminous hem1apn\!re to the
bottom. The correspondence of the Gcan Lnelf' i. most eltad with the f11m recorda (Red and
Blue) frorn an ~ndlvidual aircraft; it la lees eXKd with the records from difft'rent aLrcraft.

The third and fourth a.lrcraft, the D-~2 aod the B-47, obaer.ved Dakota from higher angular
altitudes than the others (62 0 and t)7° as contra,te<i with 45 0 and 504

), ll.nd from azimuthal direc
tions about 160° a ....;.:J from the other hd) sa.lrcrafl. Thus they were oU8ervlng the back of thf'
fir- ball, and it might therefore be expeded that the sense of tha asymmetry observed by the
B-57 and 8-66 would here be reversed. For the Blue pictures, that is the observatlon: ..alues
of 0.5';' and 0.46 \that lS, about 1:2) Are obtatned for the rado of the brlghtnt!88 of the right side
to the left side. The pictures taken in the Red, however, exhibit ratios of 0.93 and 1.23. This
eUf>d was checked by examining other frar &8; for eum~lt,!, the same ratios ~re obtained from
Frames 150, Red and Blue, 1n the case of the 8-47. Theel' results suggest the p ..esence of what
may be calied a \~ool spot in the fireball: the Blue asymmetry 18 greater than the Red. Although
the plume 18 invariably larger in the 91v.,e lhlHl In the Red and might, at least in part, be rp.Bpon
sible for the a3ymmet!"y~ traces low~'r down .tnd thereiore farther away from the plume s"l11
exhibit thlR same behavior. It was found tha,t if. both the Red and Blue records, the asymmetry
increased as the tJ:'a( eB ware made higher and higher on the firebaiL On some of the views the
lO9mBt traces I5h...~w no dett!ctable asymmetry. The asymmetr,Y of the highest tJraces Is somewhat
uncertain. because ollntedet"eni,:e by the plume (t4eE! Figure 4.32, showing the cl'lterl.. of the
measureme"lt). Thia till mOl' important In the high angub.r-,altltude photography, where the
plume Ql~c,uple8 a I-e;,),t~r propni"Hon of the (kid of view relati~e to the n..ebalL Since the plume
1s amaller in thi:' Red photognphs than ill the Blue, this dec.·ease in the asymmetry a! the
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J. nellc rangeu Hom v.a tmaxII to iii." tmaxn. '111e ratlO\l O! Dr~ntne~~ 01 the fight ",Ide to the
left .. ide of the fireball w.re f"und to be scattered throUlho~t a ra",e of 1.6 to 2.2. The spread
of the data i. somewhat Ir~ater tha might be dellir~1; the acatter of the points precludes a
decision on whetber a trend l8 preaellt.

The Inference of thea. result. i8 that Dakota did not 8m1t thermal rad~t1on ",mmetrlcally;
parts of the tireball .",lfacft appear to have lower br~.ahtnea.es than othera (over and above
l1mb,,·darbn1na effects). That is to aay, frum dlffe.r,·nt upeets the weapon may appt'll" tCl hI,ve
dtfferent (th*';rmal) yieleW, ThIs may well be an imJPortant factor in the tbermal dam.,e cauaed
by 8uch dev, 88.

4.6 ABSORPTION SHELL PHENOMENON

Th1" section deal. wi' , the properties of the dar~t altenuaUng rilll that 1a aeen to ( nclrde the
luminous fireball in each .et of photoarapu (except the poorly resolved Cherokee eerles). Th~

absorption shen has been rather poor!, seen on prevloWJ tt .. t& becauae of the lack 01. ahock frotl1
(aIr and ia:ld bursts) and/or the bet of detailed photographl from above to utUlze tbe sharK
froth all a vlewi,ll I,creen for the at.orptlon shell. Howt'ver. in the Erie Red Berlea 34566,
Frame. 1 through II show that the abBurrtlon shen of a 14.9-kt ionr shot can be .een nearl, as
well qainal a land bacqround U &pln8t a ahock froth back&:ound, when aeen from directly
above. Alao, ~n Zuni Berles 34383, Frames 55 througb 212 ahow that under the proper circum
'lances bacqrouNi clouda can make the absorption liihell of a mepton-ranee buret apectacularly
vl8lblf!.

The absorption ehell~ fh'st seen at the Trinity tttat, WIUI meuured on~ Euy and discussed
In the Operation GreenholWo report (Reference 3~) .

••6.1 General Properties. C~earcut absorption ilhell. a.-a vlalbe" on aU ttl,e reproductions
ahown In the Appendix, wIth tM aception of the pbotocrapba oI Cb"rokee. The.e include aur
far,e and laM, and low-tower bunts. ThG reloClutlon cn the Cherokee urle.. is very low (ttle
l:'all&'e la some 131,000 feet), and no shock froth appekr. '.n thla ah"buret .. a vlewlnc B('reen
for tbe absorption .hell. 'IbIs at-enee of the ahock froth, II feature whicb la aJ''layfll Itronaly
In eVidauce In t.ba other pbotoerapha, points up tbe tdea that U.e leaa euU, aeell ab8orpt~on shell
ls limply mi••ed. The qualit, of the Mohawk plcturtlB is very low; the detohaUon ie viewed
throup a thick hue) and the absorption shell ie onl, d nly .flen in .am. of tbe .6rl~ I (not re
produced).

The attenuatlrli properti"a Clf the ehen are .ensibly tb"/5 a;a.me in Red, Blu,J, p.nd Polaroid (of
thl. more later; .Git alao ~ction '.5.~); 00 poJarlsatlon dlfjfir~Dee 18 r.solved. '!be Ikt"U 1:1
obffervablE u a highly att.nuaH.. riRi obscurllll the ehock froth, rlcbt after breakaway, M#: the
limb darblnlnr; of tbe firebaH lIu~r.uea (Section :1.2.11 and the pbotolnpba dellcribod in thl t

section). 111" thickneas of tbe at.orption abellincreuea witb Ume~ at second tb~rmal flux mL~~

im",m it la, t"pi ~ally, a quarter of the fireball radlua. 'lbe attenWltloo of ~e tthell de'Cr~,ue8
with time (d:' :..all.. later). The !imitation on the r~8Clv.bn1t,of tb~ sheU at "~rJ late Urn'!., l.
the lack of l1umlnatlon from tbe firebalL In one extreme cue, Na'if~.~\J (abo'll •.5 Mt) it l8 .UU
v1aible at 5.8 tmuU.

•.6.2 Hydrodynamic.. The Ume dependence of the llibell rtldiu8, ita' Lacros.,. (about 39.~ kt),
Huron Cab ut 250 lit} and Zun' (about ~.38 Mt), is liven In Flg,ures 4.18 ibrouah 4.20; for DaJwta,
it la lIven In FilUre 4.24. Thilli radius i. quite .harp},y lndlcat.,d on the deu.Uor~,etf' .. trace".i
the demarcation 1a lea. than a alit width rd, all magnLUcatlolUl, except after the Hr~lbaU beilrua to
rIse and loa. Ita h.m'.Dpherical lhape.lh. meuu.rermmt. hewever, ·wu made viaually on t~e
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Ume eu rye deacribi.. the .ho\.~k and radiatlon t vnt, 'hUe ther~} IJJ eo discontinuity in the appar
ent fireball size. This ....ell-known sIted occuro u the shock front becomes transparent and it
become. poaaible to look deep~r into the fireball; it points up the obaervatlon of tbe last secHon
that the outer edie of the abtlorptlon sheH ~B a continuation of the once-luminous limb of the fire
balL The ab8orptlon shell appears to scale hydrodynamically _ilh device yield and time. In
the four detonations for which data are presented~ the absorption shell radius i8 1.25 :i 0.05
hmes the mature (in thtl semle of Bectlon. 4.4.5) fireball radius; consequently the llbeorptlon shell
radius Bcales with device yield jU8t .a the fireball radius does. n i8 difficult to set up better
,,,caHill paramet~r., and in particular) a proper time-HcaHng. for theae relatively late-time
phenomeMl.

The thickness of the ~b80rptlon shell varies over a very wide rallle. At times> 2tmaxll,
when the luminous flrebotll decr.,a8ea in sIze, the absorption shell keePII on growina. At fire
ball maturltY1 thlo thickness is Ilven by

( 4.21)

where the thickness e is I.L' feet and the devh~'.' yield W is in kilotons. This point will be
brought up in the diltcuaslon of the attenuaUon of the absorption shell.

The velocity of growth (;). the fireball and the absorption '~hell 1.8 shown in Figure 4.33. Con
siderable experimental inaccuracy in the data is introduced l , the subtraction of neighboring
points. The flrebaU growth velocity is not partlc',larly rneanl.r'lful at times after breakaway and
at late thaes (it ap~ .rs negative in 80me of the hun series). On thls somewhat inchoate fiKUre,
the Iro-.1h speeds appear to go about as 1!(tlll1e); there is no marked difference in this slope
among the several detonations. (In the Tl&ylor shock region, the air soock velocity should go
as t -1/1; the shock 1s rapidly outdiAtanclng the fireball and absorption shell.) The \-'e!oclty of
thf" absorption shell outer edg!!!' throuah the air that has been preheated by the shock wave, be
comel subsonlc at times that do not scale with the Ume to thermai flux minimum; this is of
course expected for a hydrodynamic phenomeool1. These subsonic speeds 8uggest that the ab
sorptl(m shen propasates by other than air-shock mechanisms.

4.6.3 Absorption Coefficient. Part of the ~hock froth is typica.lly obscured by the absorption
shell; It ill possible to compare the brlchtnes. of the anobscured froth to the obecured rellon~

and so calculate the absorption.. The apparent brightnesses must bet corrected for th@ aureole
light, a difficult correction that often entails a subtraction of two numben that are very close
to one another. In practh.:.4t, only a sinale absorption mep.uremeol can be made on anyone
scan; this i. the attenl!&Uon at the outer edge of the a~orpUon shell. The edae is extremely
8harp, and it is dlfib ult to "sisn a pl.th leRJth to the light passlna thl'tiuch the ab&orbina region.
For these and other reuonJI that w111 become appa ~.ent in the foUowmc diacuseion, accurate
measurement of ti e attenuation coefficient of the absorption "hell ia not possible; only approxi
mate fl&Urps, and trends, can be eiven.

Z u n i. The aerie8 of (Red) frames 01 •. , shown ~lld described qualltativ"ly in Section
3.2.7, show the absorption shell ath~nuating the light from the shock froth .. well aa from the
clouds behind the fireball. Unfortunately, the complementaa-y Blue photographs are of such
poor quality as to be unanalyzable. Qualitatively, it can be seen that the Red attenuation de
creases with Ume; hl Frames 27 and 55 the shock froth edie i8 not visible through the ab80rp
qun ahell, but by Frame 121 (seeoh! thermal maximum) this edgf! shows through qnite dearly;

ven the innei" abeorptlon shell is partially tran.~rent. Tt ~ same general behavior is observed
for the clouds :Wove the HrebaU and shelL After Frame 286. no absorption is apparent in the
reprodudions, b,.~t on the original photographs it can be seen to Frame 689. The inner balld-
further jURtificaUon for 'Which willlx' given later in this sedion--perslats also and appears to
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on IlV,l UOUm..,. .,l.:4\11 luung ~nt' ureoau, liIuc'n as ~ca,n LIne A 1n Figure 4.34, was taken; tMs scan
intercept8 the absorption shell whel'e It obsLures tI e shock froth and the unobacured shock froth
as well. The air-scattering contribution is evaluated from Scan Line B, which just clears the
frothed ring. Eighty-five percent of the brightness meuured just outside the edge of the abaorp
tlon shell ~s subtracted from each of the tvm shock frot.h brightnesses; thls usumes that 85 per
cent of the apparent albedo from the unshocked water i8 all" -light, an assumption that ls d1scus.e(
in Section 4.5.2. The absorption shell attenuation, then, depends on the interpretatiQn of the
air-satterlng measurements.

A typical microdcnaUometer S~an Line A, 3"'.3 on Frame 83, is shown in Figure 4,35. Th~

densities are proportional to logarithms of the light intensities. The (air ... water) background
gets brighter near the fireball, as does the shock lroth, The Slownt!8S of the rise and fall of
these brightneases 111 principally an instrumental effect, due to the Hnlte-sized s11t puffing over
the obliquely oriented demarcation line. Transition from dark to l1ght secUo,ls of the abllorpt10
shell is marke,' by a amall change in the slope of the brightness-distance cur\re, rather than a
step function 1n brightness. The trantdtion from the Inller (bright) ab8orption shell to the fire
ball proper 1s easlly found by the sharp change In slope, as is indIcated in tb.e diagram. The
absorption of light from the shock froth appears to be highest at the outer edle of the (dark)
absorption shell in aU such scans; apparently the lowering of UluminaUonwlth increaalllI dis
tance from the flrebaH overcomes any Increue in absorption due to gree.ter thlckne8s of shell
traversed. An upper limit t£" the transU10n region at the edge of the shl!ll Is 100 feet; it may
very well be much lea•.

Note that the detaUa of the Inner and outer abBorption shells aroe masked by noise. The
shock froth 18 brlibtest, and the absorption shell region least bright, at adjoining points. These
two brightnesses ar~ cho.en for the attenuation meuurement. 1b'~ cor:oected ratio. of these
brightnesaes are given In Table 4.20 (which a180 p"e8ents the raw data) and in Figure 4.36.
Also presented in Fli\lre 4.36 la the function

, 1 I (Ip.sld~ b r 18htnesa)
j.J. '"' - e Ole (outside br.htne.a)

Where: IJ.'::. rough meuure of the tILbsorptlon coefficient of the absorptloll ahell
e ::: shell thickne... , centimeters.

Thi8 crude procedure a.aumes that the 11&ht patt 1s one 'JheU thickne•• and that the aUenu
aUne properties of the absorption shell are the same thro\llho,ut its volume, an even more pre
8umptuou asaumpUl.>n. Furthermore, only the moat trivllil type of radillt10n tranapori-·~ure

experimental attt.tnuation-ls uaumed. Conaequently, Ii' ahould not be regarded lUI a proper
ablorptlon coefflclf'''lt.

WhUe there is considerable scatter In theae point.•, e'jpeclally at early and lat~ times when
the UlaminatioR i' low and one ie workiRl on the toe of the Hand D curve, the trend of the
resulta Is quite dea: the attenuation of the absorption fJhell decr~&Ule. with Ume, "lOin« about
u t -1/:.

A rough cheri'm theae results was proVided by mefu.urement. of the attenuatlon of the llcht
from the cloud 0 ~he rllht of the plume. BeCAuse of the rapid point-to-polnt fluctuation of the
lteht from lucI l viewinc screen, consistent frame-tel-frame variationa were not obe.rved.
The tranlimi.8 )n, however, turned out to be in the same range .. that obMerved with the 800 k
froth d l'lewint.{ !lcreen•

TheaE' nt!c8ssarUy cri,de measurements indicate t,hat the abeorption ,hell 18 aUenuatin, the
t"tK1 thermal flux by aool1t a factor of 2 at Umes nea:r second maxlmUD1. In light 01 the approxi

l(&UOfUII In the procedur2, further interpretation of thase data soould be made with caution.
Flathead" Upon examination 0 fle several tUm serle. avallable, it wu found that the
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servation (altitude) angle of 42° is not as satisfactory as the lower anglo Qr the Zuni ob~tr'''ikUc

At this high angle, Scan Line B Is at a consldera.ble a""l~ from Scan Line A (f'liure 4.3.) anrt
the locatlon of the proper air-llght point on the .rapidly rish., br1lht~.es. curve a! Scan Line B
is extremely uncertain. Furthermore, the Blue Scan Line B i8 taken through a greater thick
ness of r.b80rbing shocked air~ ma.1dng the apparent air light too low.

Consequently even these optimum series give result~ of con8iderably ll)wer Ilccuncy than
those taken 011 Zuni; these resulta ~rm1t only ro\1lh inferences abo:.at the ahaorpUon shell to bl
made. The attenuation of the absorption shell appears to decreaae with Umf' in both Siue and.
Red; indeed, this behavior can be observed quaUtatlvely 1n all the seriel' shown in the Appcndl1
The Blue Ulht is attenuated by about a fador of 3 at half the time to second thermal flux maxi,
mum; the attenuation factor hap. decreued to about 2 at 2tmun. This ~ttenuaUon may be too
low because of the failure to subtract a high enough air-light contribution. The Red attenuiltiol
decreased from about 2 to 1 Y4 ill thls Ume. The attenuation coefficient Il' i8 4 ;( 10.... in the
Red and 8 x 10-1 in the Blue at tmaxn' It appears then that the Blue attenuatlon is rather highl
than the Red. and that the Flathead (about 365 kt) Red a.ttenuation 18 not Illi I;!'eat as i8 that oJ
Zuni (about 3,380 kt), Red. However. the Red attenuation coefficiente (IJ.' s') are about the sarr
for these two detonations. These should be cOQidered as l'l!erences tram rather ptX>r data,
rather than as firm conclusions. A principal impllcatlon of the Flathead meuurementB ts tha.I
the absorpUon coefficient of the absorption shell-if such a SNlrameter may be properly define
i8 the same. within a factor of 3, for the Blue ard the Red.

4.6.• Limb Darkeni... It was eat"1y noticed that the fireball photoerapha!l, both in the Red
and in the Blue, exhibited the phanomenon of 11mb darkeni.., that is, a dec rease of th~ imqe
brightness toward the fireball sides on an equatorial "can.

Dakota. The Dakota fUms were CIll"efully examined in order to obtain a qualitative de
scription of this feature. In additlon, the 101 relative brightne.s scane of a ma.tchinc pair of
Dakota Red-Blue fUms up to tmaxIl were meuured; thfl8e are shown in Figures 4.37 t.hroulh
4.38. These typify the S' neral featuru which are observed in the ellht Dakota records examl
and which are described O8low. In the Red, although Frame Zero f:bows no detectabl~ Ihub
d1ukenil1l, (the fireball is flat) some 11mb darkenina appears almost immediately thereafter,
80meUme. as early as Frame 1. Th1a Red 11mb darkening then inCre~8e:ij, the bowil1l of the
fireball lettlnc mo.'e pronounced" At a time before tmaxIl' but apparently well after tmln' th4
11mb darkenina decreue. and the fireball surface br!chtnese becomes nat over moat of its
extent. It is not po.slble to pinpoint the Ume of E"evenal (Figure 4.39). Finally, u well u
can be observed through the breakup of the fireball, the 11mb darkening ap~ar. to be Iraduall
increaaihl again.

The Blue 11mb darkenh~, on the other hand, Ie IniUally present in Frame Zero, appears tc
increase in d.ree with t ,ne, and is sUll present at well after tmaxU. Qualitatively, the mlc
densltomet.tH· trllces allowing 11mb darken!ne in the Blue are different from those In the Red.
The Blue flrel\all brightness contour ill rounded, where~:J the Red has a ratber flat top extend.
ins into a slutrply rounded corner and steep sides.

Quantlt.atlve AnalyslF. of a Typical Pair of Red-BluA Pictures. A cor
centric absorbing layer around the fireball-whether !lir shork or absorption shell-Should
produce 11mb darkening. A crude analys18 of thlB 11mb darkening hu been performed. In tnh
~nalysia!l it Is assumed to be due to the variable thickness of material that the viewer must 1001
through to eee different parts of the luminous fireball. The fol'owing simplifying usumptlons
have been madt>; (1) the bmlnous fireball itself has no Intrinsic: :!lrnb darkening, (2) the abflorl
i~ material is uniformly concelitrated in a spherical shell whoae ,mer radius is the flreball
radlu8 and whose oute':" radius is either the absorpUorl shell or slaoek froth radius (both cases
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Wllere: IA" apparent wrfacf.' brlahtn••• in a wavGlenph range centered at ~

" .. d~tancfJ 'Of th••urface PQlnt from the center of the fireball, meuured in the
plans of th. pbotOiraph

Ri .. r~,,"u of tM flNball

Rz .. outer _orbine .h.ll radiua

')' .. alii ~tJ.,n coafflci.nt (bue .,.

Thi. theor.Ucnlllmb darkenl.. formula i. a one-param.tf'r formula, the pa:'llmeter being '"
The theoretlcal formul;t wu fltttd to the experimental plot of the 101 of lnten.ity v....ue (pro
j.cted) radius bF fl~inl the point all at which ~be 10& at t~. intensity raUo fA (a,J hal th. averq.
of ita value. I,t tbe c(;n~er aM ~o. ectc. of the fireball. It .. Me••eary to choos. a creat circle
(ce.iral) ftr-eball ma~nJdelUlltom.ter ean. Th1a Itt then d.termine. y. The polnt at whlcb the
nt 1. mad8 le near the &die of the UrebaU where there l... ret.Uvely larp 1.Dlth of abIorbing
path.

The reault8 of tht. 8onaly"'lI, performed on tbe Red and Blue ptctur••, V.....m.45, Serle.
36241 arid 3e2<i2, c.nt:n,~ lllC,,1D cf Dakota, 1.11 ehown in Tabie •.21. The r.malnder of tbla MC

tlon ia cOnt~~X'I1Jd with Udd~lr of picture.. TIli. ftt to the data is plotted In Fleure 4.40. TIl.
tit. to the B1u. da1:a 1.6 .X(~9U~l!l,t, Indlwlnc tbat~ for the Blue absorption, th. u8umptlona made
an p,NbiWly valid; honv81·, tbe fit to the Red data i3 not very load, 'Mllch indicates that the
modelia oot a Iooc1 ou.fol' th¢ wm'Ptton ll'll the Red. Th~re i8 no marked dlff.rence In tb. ,.,
obtained {or dW'e.feot :abttorbina ah. ""dU.

n should aa hoted that the lit to the data la not markedly eeultlve to tbe dlltance chos.n ..
the out.r radlua of the aU.nuttnc .bell. Thtl crucial distance In thia extinction coefficiel1t cal
culation 11 thtt diffeNnee betwt.2n tb~i patl. i.letha of abeorbhll mat.rlal tnl,'rer8ed looldlll at the
pomt at dlotance a from the center" and at the center of the fireball. WhflH!. tth\fl outer radlua of
th. absorbing ehell l,~ t~cr8a$gdJ 1(,QU, of th••• ,p:,th lenet'" 'Incr.ue, but thrdr. t1lff.rence, which
is the important (Hetanett i••,.., increu·e. only al4\:hU" and tho the extinction coefflcl.nt de
ereuea oniy .11lhtly. TMe hrr.na- about the clo8ent:ldl of thle calculated ,,~. for tb. dlffilrent
outer shell radii.

A ucol'ld !act wW.ch ahould tH!I notM about ntunc tb~ da.tB i. that cba..bte the extinction coef"
flctent dc<Ie not cballl'iIt ttl. Iiih~98 (.. ~ the cur'~'e~ fm,lt only mulUpUe. the whole curve (on tht. 106'
ploU bl' a Q\.'~!Q fa~.tol; !.n a.dd'tlon.~ c1uu.h~i Ui'~ 'value. of the abnorption eh.n radU alao doe~

not Ir.~dly Cha~3 tne eM.~ of .he curve, In ~~rtlcular, the shal'P corn.r of the R'!d 11mb
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correspol\ded to 37 metf,rs 1n the actu,d burst geometry. The ml,crodensitometer trace i8 usu
ally very Jzaed; furthel'more, it is 'lmall \0 size, and there ls difficulty In re&dlng poinu. from
numerically.. The numerical values ·f denaity are probably accurate to 1 part in 20. These
density values ••1\J~t "iOW be converted 40 tntensity value. usi.. the H and D curve; this opera
tion 18 relabvely accurate, but it stlllinvoive" aoother numerical-grapblcal operation with
lome attendant error. Finally, In analyzi. the Umb darkeniDl, the fireball radlua, to which
the extinction coeUlcient (in this analysia) is Bensitlve, la chosen by inapecUon. An error in
the fireball radius equal to the slit width can CMnae the extinction coefficient by 1 part in 8.
The accuracy of the number obtained for the extinction coefndent (ovel:' and above the fallure
of the assumptions mentioned in the aecond paracraph) is probably no better than 1 ln 5.

Fur the r Da J:' It e n 1n I A n a 1y s 18. seveI:'al slmpie attempts we re made to refine the
Umb darkening discussion. One of these is an attempt to correct for back&round air-llcht. In
makilll this correctlon, the bacqround air-llcbt u meuured In tbe m1croclenaltometer wu
smoothed ·,U and extrapolated throUlh tbe center of the fireball. Thls affecta the brlchtness a.t
the flrebaH edlc8 mArkedly, but tbe central brlihtness 18 virtually und~..ed. (Actually, this
UI a somewhat arbitrary correctlon; tbe enrapolat1C»n is quite subJectlve, but the Frame-Zero
and other flat-top evidence shon the air-l1Cht must be nat across the foreb&1l center.) The
101 of the corrected fireball intenatty wu then platted and the 11mb darkenl. anal,.ls carrled
out for the corrected curve. These f68ulta, whlch live an extinction coefficient dlfferllll by
about 20 percent from the uncorrect6Kl extlnctlon coefficlent, are l..ted in Table 4.21. Thle
procedure d'd not affect tbe fit to the curves.

Another slmple attempt to reflne the dillcWlS~~11 without mak1nc dtltalled ealculatlona wu th.
removal of the Intl'inalc limb darkenlng due to the lumlnoua fireball Uilelf. A .lmplt; hypothesi
to lnvesttp.te Is that tbe lntrlnslc fireball 11mb darkenine la slmllar to that of tbft 8un. M at
tempt baaed on thla hypoth9s~., ln which the flntballlntenalty was increued 80 as to remove
the 8un's 11mb darkening (Referenee 3a), led to a corrected fl:re..lllnlensity that hal a maxi
mum at lOme diatance from the center ralher than at the center. SUcb a flreballinteuity pro·
fU. 18 unreasonable, and so no further 11mb darkenine analy.itl WIUI performed on th••e cunei
Thla result, shown In Figure. 4.41 and 4.42, sbowe that the fil~eba.ll baa le•• intrinslc limb
clarkenl,. than tbe sun.

o is c u s s ion. Returnlnc to the dlacus.lon of the extlnct14:)ft coefficient found from this
11mb darkening analysls, it may be concluded that the results ltrom thlM alone (Table 4.21) can·
not determlne the location of the abeorblrll material. Howeve:r, the direct pboqraphic evider
sl.Q'" ttw the absorbi. material for the Blue radlatlon exteDl:18 from the flreball to tbe sbock
fro~d with addltlonal attenuation in the abaorptlon shell. For the Red ndlatlon, It atends hool
ths fi,'.ball only to the outer absorption sbell radlus; the alr sbock sbo_ no apparent ab5orpt~

and oniy .Ught scatterilll of the radiation. The extinction coef1lclenta calcUllated from tht. Un
darkenl,. dllJeuaslon are Maber than from the cbord data (Redlen 4.8.3), but ln Illbt at tbe &p'

proJ',lmatloM made ln the two seta of calculations the chetk y reuonabl, cood.
The poor tbeurQtlcd f!t to the Red data lndlcate5 that the ab.orbinc layer around the fire"!

does not cause the 11mb darkeni. il\ the 8imple fuhlon described here. Presumably 11mb dar
enlne Inslde the fireball, which requires a more detalled .radlation L-anaport anal,.lJl !o,r U. 01

planation, is an ~mportant factor in the Red 11mb darken"",. (Bee sectlon •.8.~ for an outlinel 0
more detaHed radiative transfer analysia.) Furthermore, the presence of the bript in\'\or u
lion 8hell lndicate8 that the clos!l!pln layers of this mantle are not eno\Jih to be al&lt-lumlnou8.

The aood fit to the Blue data 18 partly fortuitous llnd should no; obacure the ,fact that tbe tn
ternal .tructu:-e of the luminous fireball alao contributes to the 11mb darkenllll,' Tbfl reqUired
atte,\ua.tion of 20 x 10-1 cm-· t would cause over 90 percf"nt of the fireball llihlt t(JI bti ablorbed
by the abaorpthn shell alone. Thi8 modelilve. too hilh an attenuation in tMI Blue.
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(4.25)

solve any slgnlflcant dlt!erences in the attenuating properties of the shells of dlfferent yield
(but see sectlon 4.6.3). A. further pohit of Importance is that radiometer and calorlmet4'H' re
£ults do not indicate Ilny great de'Viation of the total thermal (hut fk'om a first-power-of-yield
law; consequenUy, the attenuation of the absorption shell. cannot vary sharply with yield.

This constancy of the gross properties of the absorption Khell implies that the number of
attenuating renters produced varies as the surface area of the fireball, as the fOllowlng argu
ment shows.

It is pos.lble to write (following Sectlons 4.4.5 Jilld 4.6,2)

Rz ::: KR W IIJ

and

(4.26)

(4.28)

where Rz and e are the radius and thickness of the absorpUon shell of a weapon baving yield
W, and the K's are appropriate constants. Then the sheH volume V is given by

v = 2 IT Ri e ll:: 2 IT KR2 ~) W (4.27)

Let N (=KNW n) be the total number of attenuating centers produced. U the total attenuation
factor is the same for all devices, then, aS3uml.ng a simple attenuatlon law to hold

exp - (M ~ e) ::: constant'

(where M is an absorption ,;~r08S sectlon) and

(4.29)
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:I

Thus

wn - W2
/' and n '" 'l,. (4.30)

The area of the emlttllll Durfaci/! vllrles af'l W"l/J also. This effect indicates a {I:rther connectlon
between th,e absorption shell and the thermal output. tiow.:;ver, acceptance of this result means
a rejection ot the usual (that Is, hydrodynamlcal) Bcaling la""'8 for. detonationa at a given scaled
radius and Ilcaled Ume, the temperature, pre8lllure, and density (and thull pretiumably the chemi
cal composition) have fixed valuee. Nonetheless, thilt accepted Bealine does not give the observed
attenuating proper'UeR of ihe absorption 9h~1l, 1n that the attenuation does not scale with the shell
thlckn'6ss; it pi:'edlda t~.a1: larger devices should have thicker absorbing mantles and COl u'quently
lowf.'!' brightness and tobl1 thermal flux. Presumably the reRoluUon of this paradox Ues in a
rom'€' realisUc st.udy of the radiation transport through tha absorption shell. The existence of a
temperatur{~ (and therefore an a.bsorber concentration) gradient Is certainly to be expected On
theoretica! gro\tnds 3nd is furt.her luferred by th(' bright inner section of the absorption shelL

Te mp era, t u C' ~ R is ,~, An(A~ler ch';sck on the pn'perUes of this aUp.nuatlng mantle may be
made bY' calculat!l'g lt8 temperature increase ~ T on ab8orptlon of half (see Section 4,6.3) of
the thoe.·mal fhue. Since t: 0 :: 70 and K 11: '" 290 (W in kilotons, dlstanc~.. ill {eet), V r 4)( 107

W ft3.. In lieu of a detalled l~alculatlon taktng into account. the details of fLreball brighi !i.t;fl8 and
.lb6u.rpHon sheH propertie.9, ,liSBurne th:it all the thermal flux. is emitted at second maximum.
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;: l.fJ lOS -_-!....- ilK (4.31)
- (p/Pi»

wher.2 A 1s the fractlon of W lea Lng the fireball as thermal flux and p/po is the (normalized,
average) densH.y of the a1r in the 2 ,sorption shell. If II R:; 0.4 (Reference 1) and p/Po ~ 0.25
(Reference 29; this is actually a very crude figure, but it does not appreciably affect the con·,
clusk lS below) then ~ T ~ 2,400"K. Now, 1n actuality the temperature rise takes place over
the whole thermal history of the detonation, ~nd in light of the possibility of the reradiatlon of
this absorbed energy at longer wavelengths this figure should not be regarded tile making the
absorption shell hotter than is experiment.ally observed. In fact, it is possible to conclude fron'!
this argument that the ab,orpUon shell can very well absorb half of the thermal flux (in the
crude senae of thi6 argument, that is, r8sard it as a simple filter) with unresolved temperature
increase, which 1,8 consistent with that obeerved in thls experiment.

Or llill . Conslderable eHort has been ~xpended 1n iiP, iolttempt to find the molecular species
(or other abaorber) .i'esponsible for the attenuatlon of the "hell. It ls not possible, out of hand,
to reconcile the properties of NOz with the absorption, a~ Us attenuation coefficient in the Blue
18 at IflU~..t 200 times as ,reat as in the Red at laboratory ( -- 300° K) temperatures (Figure 4.2).
WhUe lome W8\'elength flatten1i11 of this coefficient ia eXPEcted at high temlleratures-the Red
absorption copfflcient increases up to lSOO° K (Reference. 37 and 38)- con"iderably more change
thar.. baa been observed in analogoua cues would be needed to explain the near-simllarity of tt:.:
Red and Blue attenuations at the ablorption Ihell temperaturel (l,!SOO to 2,000· K). CIllcuiaUon
of the popu..aUon of excited etate.. of triatomlc moleculel at th..e temperatures i~ eXh·emt.ly
dUflc\\lt. In pas.lng it should be remarked that, if other experlments can be deviled to Ihow
the absorber lii Indeed NOz, the hl,h-tempen'ure at.•orpUon coefflcient" and popul; tlon etates
of thla I" become experimentally acc••lible in oblervatlona of detonallonl.

Clearcut NOzabaorptlon banda are in fad lpectrolcoplcally obaerved in the early stases of
the detonatlon; the apparent absorption lncreuel to a maximum at breakaway, thermal flux
minlmum (recall apparent ~xtlnctlonof the Blue fireball), and then Itarts to decrease (Chapter
3). Thil behavior w con.lltent with th ' .arly NOz in the shock-radiation front being pushed out
'oto- the ahockect air where it Ie metaetable at the lower temperature (fref.lzing-in); the air shock
i4 •• tteiluaUng in the Blue. Presumabl, condlUona. for further N02 formation sUll exist after
breakaway.

It 11 expel ted that detaUs of the Red and Blue radiation transport phenomena should be quite
dltl{lrent; fOI' e:tample, the Red absorption shen appears 1n part luminous, ae ie evidenced by
the inner brilht .ectlon. Further analye'e of thia quelDtion may aid 1n explaining the hick of
pronl_' Ilced attenuatiQn dUlerealces.

A second hypothesis that was conaidered briefly Ie that the abaorption ehell attenuation 18
due to the sc&tterilll by iron partlcles, the ord~r of 1 micron in size. Enoqh such particles
can be madill to give the observed attenuation, from about ~ tons of iron per megaton yield; fur
thcl'more, any Red··Blue attenuation dUference can be fitted by 8r'~U t1dju8tm~nt' in the (average)
ftI1ze of the particles. However, this attempt was ab.ndc;iled Wht:'fl it wu realized that such ma
terials tra'lel only a .few meter~, the fireball growinS by enguJflng air-.

018 c U 8 II Ion 0 f The 0 r II! t i i' aIM 0 del. This section is devoted to theoretical consld
erationa for nndlrlf a mechanhu \ tu account fOi" the abeorptlon llhell.

Tern pp rat u r ell, Den 8 it I e 8. To ex-plair the shell. it is nece.sary to have some idea.
of th.· temperatures and denaiUe" throughout the blut and the absorption coeUicientli for the
various chemical cortaUtuenb; as fu.nctlonft of the temperature and deulty of air.

The temp4'!ratures aoo densiUea throUt(hout the blut \Verc determined from ReferenCe! 29.
That report as.urnes an early phase durina which radiation spreada the thormal energy evenly

SECRET

_.~ -- --~_._. - ---~ --_._-----~-----
«



I

1.

I
,I

i~

.J,

- - .
were found to ecal. fairly accurately. Tbe Uraball temperatures in the report, however, are
somewhat too blah bftcatD~ of the n8g1ect of thermal radlatlon. A more recent report (Refe~'ence

39) approximately aCI·ount. for radiatlve 108ses in tbl{! vicinlty of the fireball and results \n low(O ,
flreball temperature.. Except :ur very early and late Umes, the two reports differ only in de..
taU.-. In the reslon of concem, both are in lIubstantial acreement.

A b so i" P t ion b'f NOt. There h.u been much _peculation ac to which prote•• ls respon··
Bible for the .t.orptlon of radiation in the sbeo tption shell. It is believed that the N02 molecule
is re~ponaible for m08t of the abeorptlon 1.,. the abaorption shell. Referem 40 l~lXlrta substan
Ual abaorptlon spectra of NO! in the fireball of a 20-kt blut for times between br'ludmway and
second thermal maximum. This observation hU been confirmed for kiloton and Ilfl8Baton yIelds
dUrin,: Operation Red"i... S1nr,e these ae the Umes of concern in this analYGis, NO~ abl!lorp
Hon should be an !mpti\'tant factor. There ls very Uttle theoretical information on the N02
molecule, nor is there much experimental radiation ab8(;'rptlon data-none over 1,000" K.

The one piece of quantitative lnformation on the magnitude of the abeorpUon 18 ~.onta.b\le-d i.n
Figure 4.35. This indicates that approximately 40 ~ercent of the 11lht from the shock jrl~(.Ith is
abaorbed by the abenrption shen at thla particular time. Figure 4.35 i* baaed on data~ taken
throUlh a red filter, a spectrum approximately in the 1.50- to 1.75-ev lnten'al. ,",III only band
spectrum In thlt. interv"lla the Nz(1+) spectrum, but th18 becomes slantflcant only abc)'ve
4,000· K. 'lbe continuum abaorpUon il unimportant below 6,OOOCl K. Thus, NOI data {In thhJ
reclon ill eSBential.

The be~t data on NOz abeorptlon goes up to 1,OOO~ K in the blue and 500· A in the red IlIld
infrared (Reference 38). In order 00 make 80me elUmate of the abeorption coefficients at bit~ber

i.emperatures in the red, it 11 usumed that the temperature does ,\0 more than locreHe the
population of the nut excited ltate of the NOz molecule~ 1. e. the lncreued abeorption is due Il()r
ihe increued n.umb.!r of tralUlittoDl ariainc from the fi.rst excited state. TIllI simple model
gives a Iood fit to the referenced data above 400· K. 'nle 300· k data ls complicated b1 the
presence of NZ0 4• However, th~ model ie simple ant' cannot be expecttt>1i to be valld over a wide
ranee of temperature and frequellcy. Ttle model seemB to be valid in the red portton of the ref,.,
erenced data and lnvalid in lb. blue and infrared. Uaing this approach, the NOI ablIorption Cro.1I
secUon was then arbitrarUy taken to hold at all temperaturel abo..,e 1,000" K in the calculation
and was ued to determine the N~ m-orptlon coefficient..

Radiation Transport Tbroulh Air Contalning Equiltbrium Conc.ntr.·,
tion of NO z• 'nle Zuni detonation at the time of Fil\lre 4.35 wu cho.en for detailed study.
Temperatures and d&nalUes were lcaled from Reference 29. SeveralparaUel ••a-level chord8
were chosen tbrouch and beyond tbe ablorptlon shell. Temperature. and deMitle. were estab
llahed aWIII the chords. (Theae differ from the temperatures and deultle. 1n Reference 29
which are along radU.) The intenaltv Iv of the ob.erved Ught ill calculated from the radiation
transport equation:

1.,(.) .. IJ.'(o) e--1"(o,.) + 18
Ilv{T', p') B",(T') .-1'(s', ·)6.,

o

Whexoit: 8 '" thickness of the ab.orptlon lItteH

Iv (0) .. intenaity at the fireball edge

Ilv (T, ~ a: absorption coefficient

B=-- (T) z:: Intenalty of llaht cO'1ling from Ol black body of temperature T

T'(!II'~ s) '" (, Ilv (T'~ P d s" •
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appears to be negligible. The ab801"!ltlon sheH shOuld then be nonlumiJlou8. However, it wtil
rttquire luX'ther 9rork to cstabl1sh whether the inteusity obt~lned tmlll the intt'~ra! term ,If the
cah:ulatloo 'WUuld rOillster on the fUm of the obaerv/ilUon alI'craft.

In the foregolllg calculaUon, lacld thE=Tmodyltamlc equilibrium 1. ;,uJIi\Ame~ to prevail through
out the blaat~ and co~sequently, the equlllbrium concentrat\ons gtven by Retell 'nee 41 are used
in the determl.naUon of th ~ aboorptloh cop.fflcienhl fro.m the 'tlllrloY8 componellhJ 01 all". The
varlouH choMa have the behavIor that W'OuJd be :mtklpated from the smoolh variaHon of ~emp

erature and den.Uy. Ths cont:rlbutl.an of th" source term Increa1lca In going from the (~ool..,r

ahock front toward the Ureball. Shnllarly, tht" optical depth Increues aa chorda are taken
nearer the fireball, ao tb.&t absorptl.on of incident flldlaUun increases markedly. There 18 no
dlIlCOI\UnuU, in ageorpUon that could )X, labeled a.l IlbaorpUon shell. The onty indication is that
at the radjlll dl.~ance for the pb.orpHan shell as gIven by the data, there 8eems to exist an ".
mount (~i lIb8ot>pU('n lndlcatt'lC1 in Figure 4.35.

Free~lnl-ln Mech~nlllim for N0 2 • The front of the aLaorptlon shell to obsenNi
to btl veny sharp. and the calculations of the previous Mection give no account of that.

A po••lble solution to this difllculty lies In the formation of nc.neQulUbr!um anrl higher con
centrations of NOt.

The chem.leal rpR.cu.ons of interellt an:

117
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errozo m ,\UCRtlne, Hte (lme 01 me J,nt~.rcepi as wloe enoug/\ 11) lnl~lUUe tne ",torementlOnea :l14UU" K"

Hydrodvn~mlt"8 Basls for Sharp Absl1rption Front. Inapedl.Ol,loftheteHlp,·,
era~ ur~ profH~l~ o! R'?fcren<~e 39 has revl"aled :~~\ lAol~erm:d reglull ";hat tralls behind the shock
(ront. 'rh~ n.rliuA of the edge of this plateau as a functlon of Ume was compareu to the outer
radlus ' i Ute ~:'!~orpuon shell for Shot Zunl, an~" the cuncs were practkally identical. 11 it
('an be ~hOWJi that thebuth('rm~. reglon is not.~ t an accident of the method of calculation but
)-;'epl'c~~:mtf,\ 9, true hydrodynamic pheaomenol'!, such a, reglon may woeH be ,,"elated to thE' obaef\'ed
absorptlon shell, e, &,.", by accentul.ting the mechanlsm discussed above or by lnt;'cJudng the
(~i8CcnHnuity m~I'JPltng I,n thu mechanism.

The l'emu!t,OJ made f!arller cone",", nlng a quantitatlve description apply even rnor'e Hu for t,his
madel. Ire pai"tlcular, t.he reality of P B temperature pli\~':!au should C>e llltudled. It has been
~uggei'\te' thal. :t;.~ l~'ont edge may bi. :0.. contllct dlscontinuity. In any cae,e.! the tempt:iratur~

L/ B~Gr~ oJ.' p.nUdes in Uud reA'OIA should be studled I.n Dome detaiL

em .""";w.;F.iII_IIlII..... .L-1IIIl1llll..·, -.-,••_w_.-Jrn.._•.-.ali.'



Shot Ain't'aft ',,\' 'lw 'I'

-~~-'-'~ _.. - ._,---'-_.~-~~ .._.-
,11 III

L:/f.'tIlSSI· B :,'7 I t I·, ilK 0.71

Cht'ro"~',' £'-47 4:i i\ ,;:i 0.1'1:1

Z\1ni H-47 "4 (!.Ii .; 0.67
R-6/) , ,r; n.li:: O.IH

Erlt' 13-57 17 0.71 O.7H

F Jatht'ad B-~17 17 0.li7 0.70
8-66 lR n.liB O.6!1

Dakota B-47 14 :. f)7 O.fiO
H-;,7 fl; n.:;:> n. ri~l

H-fifi ,tH O. [,{i ". fill

Ap:u'hl' B-i7 :10 O.lll lUi!
H-;i7 ·tH O. :;fj 0.f30
B-66 .J!I O. fiG 0.110

Navaju B-47 :0 ().Ii I I'. r.t

Tl'w... B-·n :lH 0.62 0.6·;
H-66 :W /I.6f\ 0.6:!

Huron B-:,7 I !l 0.65 0.1l'"
B-t)tj 17 0.67 0.70

---- ------

TABLE .l.~ METEOHoLOGICAL DATA

mb

Ha roml't "il'Shut
Sudan' Ah

T',:mpl't'atull'

SI:;r~I·-Surl'a-z.;-- V.l.po-r:- Surf:ll'l~-------'-"-'-- Invt:rhlon
Wind Surfa"l'

Ht'1atlvt' Pressure \ldnd Luy('j'
1>i n~l'1 ion V hdbilit.v

Humi tllty Po Spl'l'd H~,ilitht._-------_.__._-------
mm HR knot 1I1'RI".''' milt- ft

t': rit·
Lal'I'('hs,'
Jlun)ll

Moh;IWk

Fbi tWill I

I)akota

Ap;wlll'

:!W\l
l,'h•.,rok,·,·
N ..... J

"
f • '\\' ~.

RO.:\

HI ~ II

1-(1 A

7!J.ti
H~O

1-1:':.0

1010 .. :1

H I II

HLII
HI ,,'

101:'1'

LOOf' I
l,IlIlH. :,

I,007.H

1.0IO,,~~

1,012.9

1,(lfI'l.l

l,tlHU.
I,Oin.;,

I ,11()!! ,II

1.{)IIl.:~

'I ,HIPl ,,:1

/olo.Z
R,',

";·1

RI

k~

RO

'H
fill

7H
i1/l

:..!:I II

ll.U
Z:UI

;!'2A

:,~ i '7

:'11 II

:," H

U9

I :!
16

17

IIi
J()

14

100
HO

!W

Ion
!i(l
",0

,HI

·10

III

I-i

, 1II

HI

iJ

'-' IO,~)1l1l

~. '7 ,nlll~

17,0110

• In,ll~lfl

,. lII,~lilll

. ;:, I. 011
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B .7

1\-:17

B-ti!i

.
0, ;'.6 5·tH 0,7:,1 0, ~;l

II ,,!:! t~ai. f1 O,7H O.4A

).-15 Ii I. " n.flll 0.51

T.\RLE1.4 ~Ol,AH COLOR TEMPERATlIHES EXTRAPOLATI:.l1
FJ ZBHO AIR MASS

5,4£>£)

5,400
5,470
a,5pO
5,600

5,850
5,ROO

5,700
5,7bO

5.600
:J,IWO
5.500

Di \l\ct mea flUTe

1>1 n,/,t ml'" " .... J'f.'

lit-fl'l'l'net' 1R
f-: ·fen'm.'t' HI
Hdl- Yenl't.> 1A

Heft' "l-nl'/,' HI

Expt>rlmt.>nLtI
ExPt~rlm('ntal

C:ll..'lJiah,-(j

DI "~('t meaault·
DiHlct m('a~UH'

Dln'('t mt·:".... Ie

----------"-- -.._------,. ---,-

_•...._-_._-_._----------.---

D~ta---

Mass
Sourct'

Air

~f:l!r 1.00
John~on LOO
8(·1\\, l ..A All

'J Opal 1. 7"
r,~ Opal :!. 5r~

Opal :1.21

r~:Jlal L07
("Pal ;). 1 ~~

(~!.Jlll·tl :!, ~R

'.IUll,·t 1- :l.l;f:!

Quartz ILO:!
Quartz 7.:11

TABLE.,L5 EFFt.:Cr OF COMBINING DAT~. f'RUM

VAHH)US nLTEHI::· I UETEC' ons
"--"- ,-,_.. _----_...._-----_. -_.~-

0.2 to -1.5 mit'rone; Quart? '" .ndow ~

O,~ to 0.7 mkro"I'; f'II1(-r tJ minus Filter A'"
('.7 to 0.9 mkronfl; F'lIter .>\ mlnuH 1'1It4~r B
0.9 to 2.(1 mh'ronh; Fllt('!, n mlnullt I'Htt·r C

2.0 to 2.5 mh'nHII<; Filtl'f" C

r
"
d'

~

• '('hI' t'lWI'KY in tho- l./}- tn 1.5-mh'ron I't~Kjon ll<

n..adv (,lImpld'ly a.hNurI,\'cI by watl'r vapor ..
Funh""mol I', llil' ,-,wrK,V j'.1 tH/ol Inh'n.... l iH

~Illall ,'ompan'd to that In lh. ",.:~ to IL7 1';lnKI',
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Apat'hp ;;,'1'0 0.687

• :l.~9 '>• HI'-~
~'aLI 1(

CI"'I'okee zero 1.317
tmax 3.42 .... 10-2

"Jakota zero 0.953

tmax 2.R9 " 10-2

Erit zero
t1nax ;Hi8 )( 10-2

Flathead zero (I- fi61

tmax -L08 )( 10-2

Huron zero 0.688

tmax 2 50')( 10-2

Lacrosse zero
tmax 4.21 '< 10-2

Mohawk zero 0.384
tmlU

3.68 :.c 10-2

Navajo Ztlro

t max 2,37 '>< 10-2

T"wa zero 0.798
0.0156 tiel' 1.190
0.0312 sec 0.378
0.0488 sec 0.;108
0.0624 sel' 0.196

tmax 4.87 )( 10-2

Zwli :l,ero J. 16
t max 2.6, ". 10-2

---.

TABl.E 4.7 Tt-\fPtHA
0: 4,4!

A~ t max FOR '\" RANGE
" .000 A

-------_.-.._------------
Shot

._----_.._---- ------
Temperature

Ap8(:he
Cherokee
(Jakota

ErAt·
t' Iiitlv:.' 8 d

lIun.n

X .:'l'rOIUU"

:VlohrH.vk

Nava.\o
Tt'''''1/:
ZUIl'

12!

Sr:.CR~T

4,HOO to 5,400
5,200 to 6,100
4,900 t.o 5,700
6 vRll'l tt, 9,500

4,ROn to 5,liOO
ti.:ml l to 7,900

4.600 to ~.400

~,700 to OJ ,900

(.,,600 to fi,900

4,~':OO h. 4,H(}O

:~,HO{l 10 !i,500



AJl:\l'h' '

1:h.'"o",'"
I I: t I",t:>

FII.(\1I"" 1
'rI'W;!

Zuni

:1,50(1

:,,9'7:',

l,lFJ
.1,0:;0

1,117:)

4. j(l(l I~ .1l;1~,:1

l,fiOIl 1111.1;17

1,"100 fI\U~r,

:i,II0U 11,11:11 f)

fit;!O" 1I II:!IIH

;,,100 (l,O,lOf.

:',11011 (l.O:1O 1

fi,HOO II 0:\117

TABLE -1. III COM !'AHISON 01- MEASII HEll ANil CA U'U LATEI> VALm,;S 01" t'na"

Shot

---- .- --_......'--"---_.,.....-_._-_.._---, _.------'.
A lIl:wnnd l-H','\m<l A M','ond ,wI'onti

APACHE DAKOTA

4,400 1.60:1 1.51 fI f,.:1 1,40ll I. L~1 LillO :l.9

1 ,finO I. II!' I. 14!-l (I.UOll 1.600 ! .1I:Hi 1,107 7.0

1,1100 I. W9 1.:1911 0.7R I,ROO i ,n;1O 1,08" :1.7

5,00n 1.271 1.:15fi lUi fi,OllO l.Or.!! 1.0:15 :'.:1

5.~CtU 1.271 1.:12fi 1.0 5,2110 1.1l!16 1.012 7,7

5, ifill 1.:1111 1.:11 ~ (I. ,Hi ',,40O II. ~':I:I 1.00:: 7.,1

:',fHlO 1.:165 l.aOIl ,U :>.600 1.00U (I. ~}lIH n.1lI
:•. 1100 1.25!l 1.:120 \.11 5,800 0.971 1.009 :U}

,'HEH!)"!:E FLATH E A Ii

4,·100 1.116f1 2.111\ ''',6 1,-tOO 0.697 O.lJl~:1 1.9

1,600 1,9112 2.022 2.0 t,600 /Ui.JI 0.6ti" :1.1
4,1100 I. "'51-1 1.950 E..O I.~OO 0.659 IUJ2'!; •. 6

5,000 I.!I77 I.H90 u; [;,000 0.6[;:1 tl.61ll fUi

5,200 1.799 1.11,111 j~. 7 5,:WO (I.fl'W 0.1196 H.I

5,400 1.146 I.H:IO ,1.11 :,.IOll 0.566 0.fi90 l,:\

5,60U I.'IU:~ 1.!!2-1 1 'J 5,600 ()':'I8 I 0.5f1H 1,:1.h

5,"00 I.HH .. l.II<I2 2.2 :"HOO O.6Z-t I'"['ilil 4.7

ilUKON TLWA

4,4{)0 (l.aM O,5HO ".M l,4lHi ;~, Mil I ;~.4'm 15,1

4,600 n. !'ifl~' ILll54 1.4 4, till0 ~, 'l.t,:, ~.::"'h r,,:1

I,HOc) n. f,ll o.r,:14 1.9 1,'1(1(1 ~~.Il"n :l.;WO I (l, I

f. ,lion ll,liH2 0.5111 11.0 f"OUU I. "'I:, l z;w I I.H

:',:lon O.!'lI2 O,f.,1H1 I" 5,:;1111 :~n III :.L !fow IUl

f., lUll IUill n.MIl ~~, '1 f',-HlII L!lll ~~ , I r~'. I l.~

r.,tlOIl ILf)~6 1), .J ~l!l f.. 1 :,,«UII '.H!',U :l. 11'·' f n. 7... ,
f',Hon II l'i I!l II. "lll :_~" ~. i'I,lInH I .~':'i~

., 1'1:: 1:~ '7

N.\ V \.\ " I ZII NI

I. lUll :!. :!.I.l :',1:'11 ~ I ;::. :,111'1 ~,or,l :~ !til" 1 ,I~

I • fill II '. I:lH ~~,,:~ I 0 .. l I, HlIll :~. d,~ t,1 .,IH I '.:\

,1.Hlltl ! Olll :',:)ZJ1 II " ·1,,"JOh :,'.U!I! ."',~:.< Ii :.

~ , • t 11111 '~.1I1 1'1 ".11>11 i .11 r.\~nHn I, !17:,~ I 11\',' ;L:-.

~., :.~n~, ".f1I/'1 t I" I" !'~~~,:~HI
,,"'j 1 t rl ' :~ " '( f. ,

~. ¥ Iltn I IJH:t :~ \1'11 I" ;\ 11111 I 771:\ I.'Hi , ~ .r.
" "HI. I,!!H :..'.W~ I :\ I :'.~lllH ! '1 ~.r I I ,'l!H·\ Ii

;',HUt t I !n'~~
.. Itl:. 1.,,7 1",I·ll\O I. i ,; \ 1.1"1,. I. ';
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HI

Ap;lI·h.' l,f'lf,(l 7, !H7 fi,!I;1 1 '1,\'7 I

Chl'roKI'I' :I,tlHII 7,,'-::>'0 1i,71ll "', ! 1 i

Dakota I,O/,\II tj,lllO ;',7r.~ 11.11 HI

Erie 1 . '. fi I,~!q 1 :Ifi~ H.III!!

Flath.·ad :17!i 1,1100 :I,!117 O.O:.!I

HUl'<m 270 :1,fO'O ;: ,fi!l7 0.1/1:;

Lal' /'0,., lSI' :IR.5 ~,l 00 1)q!l H.l~O

Navajo ,.,700 :',!lOO ~J, f):!H ll. O:\k

Tl'wa !'i,O 11) 10,000 !I. 7 SO lI,t';' !l

Zuni :1,500 H,flOO k,fi:Hl lUlU I

TABLE 4.1:! MAXIl\1lI1\t FIHLBALI. J)L\!\1i';TEH "'"~ ,\ Fl!Nt'TlON Ill" YIr,L!1

E,'I'Ot'YlI!ldShot

Lll'lh'd .vil·lds wI'n~~sl'd in ~;,~.!.(,ul!~tio,~.-!:::~·l,~ \~~dr:~_~IVI'~::!~~(' ~. ~:... _
I)lilnwtl'r lllam('l.'r

Med!lUn~d. {'aicuiah·tl.

Dill 1\.-------_._-- ----
kt ft ft

Apal'hl' I,R50 7,lH7 7.:14:1 1).0' !l
l'h('l'okt'" :\, HOIl lO,lfif) H,OAH (j. I 'Ii

Uakola I,OHO 6,1f)9 6,IHO O.till:~

J-: rill I ~"5 I, '1'1. 1 l,!iHR 1.1. o7:~

Flath.'atl :17;, ·I,llt;;j, .~, IOj~ n,o~~ I

Hun," 'l.70 :!, n:1 ! Lhifi {LU!'~

L.ll' I', II'''~' :o,cr; :!.~:lH ~ I I :~!l Oil tti

Na \';t}o 4.700 !I,97!1 11,!HllJ II .. OOM

Tt'wa !i,OlO IO,O:J2 '.0,100 0.110'1

Zuni :1.flllO H,Ofi 1 :.1,007 (I.OOi\

TAB"""; 4. I:I \\ ILSON C LOIH) 1-:FFI:':C1':->

Mullip:t,

ul l m :! .. 11

Fill,' W~iHml ('loud
OhM'I'V;"hofl, Fr"

TI'll'"IIl.l! M;.I.xlmulll
F";'ID., NUllll>l.".

VIt'll!

Ll~h'd vll·hI" Wlfft" u'lI.'d In (·ah'ulallOflN. Lat,',· "Ipllls ,,/ if Kiv.n iI' ';,)"l!' ~~, :~.
_,.. \--__.,__• •__._ ••••~__•__h ••• , __._',._ ..'_,~ .'__.w._." '" I ,

.,- \\i"i~~;~·~:·,T(~·~~r.. -.-
~l.\l~~:.\~ I':""':_'r-'-!l~~~

\'kld I.':'

lhlnm

Mnh;lwh

1"1;,1 Iwa;J

7

I I:'.k,,1 'f

,\p;,I.l'Ih'

Zuni

I'h. ;'.i~}

'1'. ",~';l

I • I r,ll

1.~lItli

:l.~ ;011

1,/HIll

r"ltOn

1,:--1

I.A

I ~.~

~I"
"~I'
~:.-.._,_ ............._~._~...,_ • 1" _~._..-=-- ••,._........ ,•••__.r........_ .·-J.... .... a ...u.........L,,_ ........-_~· ........~ ••.•__..... ,... '"' ... '_._.._...... ", ............,_..........~ .....-.....I.._I,,01~......._'--_J_,.~_'.~ .._"'U'O_~ _



··U_II."\" i' .~ r. nt.~u " \'11111
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<-halpter 5

CONCLUSIONS AND RECOIOtENDA ..'IONS

5.1 CONCLUSIONS

The larle amount of data col' ected from aircraft indicate. that the thermal yield can be pre
dicted for the de'Ylcf'!II anaiyzeo, I.e., fOt: yields ranatnc frolll 15 let to 4.6 Mt.

5.1.1 Therlll.!':.!-JIPOsure. Thermal m••ul'ement. indicatf! that the formula evolved in Ref
erence 1 In the analy.ta 01 the tr<U\llfer of radiant enerlY from a nudear device throuch the
atmosphere may be unduly complicated when con.klered from the polnt. of view of the preNnt
.tate \)f the art of the m.s'\remer.r. of btch thermal nuxe.. Aa a comparison of Flpre 4.a
with P'lpre 4.5 wUI .how, it ia poa.'Ilb1e to uae a lIimpler empirical expre••lon for predictlnl
the thermal exposure encOWltered by aircraft in the PacU1c area. In eeMnee, the emptrical
formula,

(5.1)

io an approximate form of the more detaUed formula of Referencf' 1 who.. con.tant ia ••lowly
varyin. function 01 the moiliture content of the air, the albedo of tne underlyln. wrface, the
ecatterln. by hue, the hetpt of the bomb burR, and the velocity of the aircraft where the
rae.aurement '" Q, the thermal expo.ure. 1. made. In a particular climatic region and under
the teat conftcuratton. uoed, it appear. that Equation 5.1 adequatply pre,Ucta the teat re8Ult,..
J.ddttlonal requ1rementa to equation. of the form of Equation 5.1 wUl requtre more prectae and
con.iatent masurement. of the thermal energy.

In Equation 5.1, the .ymbol. are W, l he weapon yield in kUoton.~ D. the .lant range in kUo
me't~r., Q. the thermal ftxposure in cal/eml ; 6, the zenUh anale indicaled in Fieure 3.1; and tP~

the angle between the normal to the detector _rface and the line joining thi. surface with the
center of the fireball. For a detector pointtnc at the fireball tI' • 0 ..hUe for a horl&ontal de
tector tP ~ 6. Th~ anale 4J expre.... the reduction in projected area. of an !rbitrarUy crtcntec
receiver when expoeed to the direct thermal radiation of the fireball.

No .viden~e haa been found in the analyzed thermal data that admit. of tncludinl other factorl
Ifuth •• weather or the albedo of the underlyin(! surface to refine the prediction capabUttles of
Equation 5.1. The reau1t. exhibit too much fluctuation to support a mote det&Ued predictive
formula.

5.1.2 Backacattered Radiation, The \ tea.utement. of bad:8'.:attered radiaUc'1 indicate that
on ttwe aver... thO aircr;.. will Ruer between %.. and %..., thl£ radiant expolNre from back
sea ,ered radiation all they"1OU1d from belnl exposed to the direct thermal radiation. The..
me.surementa were made ·iD the eul, mornl.n& when ecattered cloud. were reported. The evi
dence 1e tat I:qua !on 4.1 CUl be used to pi edict Qu U 4' a 0 and

5.1.3 Thermal K~8Ul·t OIl Air V..... Ground Bur8t.. The evidence upon which the fcllow
1.nI concluatoM arebiaMd i. not eJlten.ly~, be1n& baaed on the atrburllt 01 Cbern!(ee aB compare<
with the bar.... Uaot Zuni and I: lme addiUorW. information pined fro,m Dakota.
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surface whose alberto approachf'8 untty.
Conflicting evidellce exists for the radlation tempt.>rature of 8urfal'e bursts vt>rSU8 airbursUi.

n appears from the infrared fUter data (0.7 to 2.5-mkron wavelength) thlat a 3,000" •. black
body temperature used 1n Reference 1 for the surface burst and the 6,000° ~r black body tem
perature used for thE' airburst J. "'edicta the division of energy in the infrared to suttablE' accu
racy. However, this may be somewhif.t fortuitous because the theuretlca! prerlicttors of Ref.
erence 1 are tested in this case with broad bandpass filters whoat;- transmil!lsion charflcterisUcs
are somewhat dependent on waveleftllh (Figure 2.15). An attempt was made to arrive at the
c',lor temperature of Dakota. a megaton-range surface burst, by correcting for all known ab
sorptiolUf 1n the wavelength interval o"er which radiatton wa;~ received. From this analysis,
it appears that a surface bur8t may reach a temperature as high as 5,000 to 6,000° K.

•
5.1.4 Spectral D18trU:ution of Thermal Radt&tton. Analysim of the measurements o~ the

rad"iiiitexposure for several broad re-gions of the vi8ible and near-infrared specb'um of She:
Dakota leads to the follOWing conclUSion. The apectral dilltributior }f energy in a megaton
range surface burst ie not inconsistent with that to be expected from a black body radiator at
5,000 to 6,000° K, whose thermal irradtance is modified by water vapor and carbon dioxide
absorption in the atmosphere. Effectively, Httie radiation 18 transmitted through long paths
1n Pactlte air for wavelengths in excess of 1 micron, except In a few narrow bands parUcularly
betWf'en 2.0 and 2.5 microns.

5.1.5 General Conclusions. The radiometers and calorimeters form & consiatent set of
thermai r~iat1on receiver.. By this it i8 meant that the integrated radlometer d.lta give. the
same value of radiant exposure as that measured by the calorimeter to within the Umit. of
variabUlty of the two type8 of instruments. As an alternate method of comparison, the differ
entiated calorimeter data agreet> with the lrradtance mell8uroo directly by the radiometer•.
This second method of compari60n i8 not as satisfactory a8 the first from a technical standpoint
because of the large amount oi' smoothing involved. If future teets are made that require filters
to be used on the thermal detectors, the detectors should be radiometers in.tead of calorimeters.
The fUlcrs used during Operation Redwtng were broadband types. information concerning the
energy received in narrower banda, such as might be derived by subtracting the enerlO' trans
mUted through two ttiter. with overlapping transmla.ion banda, requires that radiometer dR.ta
be used U the lIOurce 18 changing in temperature. The radiometer data is then lnteiTated over
the time to give the thermal exposure. When filters are used on calol'tmeters, he 41!<luivalent
of the above procedure should be done. h Is fOi" thia rea~n that radiometers are tc be prefer
red over calorilDf"terl whtm tUters are used.

Thf' ~a1trc 1a NS in reaped to time to maJhmUm irradiance and the shape of the power curve
seem LO be In ac .;ord with tho8e presented in Referf'nce 1.

There is no detectable difference In the time at which maximum irradlance i. rf!ached ffJr
the various region, of the visible and infrared regions of the electromagnetic _pecb'um as
selected by the variou. {UlerR. The experiments were not de.iped to optimize thfllle measure
ment., ~d thele concluatona are drawn from derived rather than primary data. However, it
'ieema JulltUied to say that to within flO percent of the time required for the unfUtered energy
to reac h maxImum irradiance, no dU!el ence 18 noticed among the ftltt!red irradtance curves in
respect to lma:x. In the case of the largest thermonuclear events, the 10 percent uncertainty
in Hme is only of the order of 1/~o seeond. The8e curves can be normallz.ed in 6uch a way that
they show that the irradiance at longer wlivelengths falls off le88 rapidly than the ir: ",d1lillCe 1n
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:>." Ht;COMMENDATIONS

5.2.1 Calorinwtdc and Radiometric Measurenll 1~8. Anal}' ,8 of thE' data u8f'd as a basis of
thlS r~port shows -that the uhl'fulnt'Ss of the data wahOmited pI martly by the calibration. pro
cedure. It would not lJt:, overstat i1g the case to ~up.gest that littIp ac-·11tlonal information is to
be gained by amassing more data of a similar naturt', On tht> oUler han.'. If {'aUbraUon te("h
n1ques and scht'dules for field checking can be c!evell'oetJ 80 that thE' calibration constants 01

each instrument for each eVt'nt are known- .~ndudiL,. detectors, Hltf.'rs. and atmosphf"rE' ali
well-it may be that more meaningful prediction equations Cd 'I b", developed from m.'W data.
This would be espt:'cially true aft~r instrumf'ntaHcm has been subjected to extreme thermal
e~sures.

It turtht'l' appP.ars that mOT£' information can be obtained through the USilc' of radiometers as
the bask measuring instrument inste\\d of calorimt'tE'rs. Thif.l recommencb.t1on is nlade with
the reaUzatton that Tat Ie 2.4 indicates that, at the prf'tiPlit stagt> of development, the c ,orlm
eters are apparently more st.i&ble than the radiomett>rs. Howevf>r, from the overall sy8tem
point of view, there does not appt>ar to be any significant difference between radh metpr8 and
calorimete.8. Rate data such as gtven by the radiometers is of greater theoreth.'al intert'st
than integrated data ~iven by the calorimeters. When neCt'ssary, the rate data ('an be 8ummro
to give radiant exposure.

Future In.rumentatton engineering should indude methods to el1minate the problem of de
tector or fUter exposure to adverse environment conditions during takeoff and low..altttude flight
where moisture, dUBt, oU, fuel, and other foreign matter apparently obscure the viewing port.

A final comment is made with full realizat ion that other overriding considerations, such as
the wety of personnel, may preclude the suggestion fn,m being seriously considered. It is
8uggested that more attention be given to maxhnlzing the information content of these E'xperl
ments through positioning of the aircraft and dett-ctors. Durulg Operation Redwing, it appears
that too often aircraft were too closely bunched in range and elevation ~mgle even though they
were flying at different azimuths. All indications .re that the range ,IUd elevation angh- are the
most sensitive parameters for the prediction of the radian. '~sure, <l( ludlr~ of course the
all-important device yield. U mor£' detaUed information is to be gained on th(' modifications
introd~ced by surface and cloud albedos, and the atmosphere in general, a better experimental
configuration is necessary.

5.2.2 Ful'lher Analysis of PhotogT'lph1c Data. In the 1',-C f 'S8&rUy l1mtt«:>d effort of preparattoJ
of ~hl. report, it halj been possible to con,1I1d~r only those topics whkh, a priori, app~art'd to
have the most interest. The photographk coverage, while far from cumpleh~ (and tn fact, for
some of the deVices, quite scanty), sUll containt" at Keal'A as much analyzable information about
thermal ef1~cts ,.,8 has been presented. Furthermore, tilt' photographs contain valuable ~t, on
the phyRic8 ~'of the growth of the detonation. SUggest1on~ fol' lllrtht'r rPduction of the data are
given herein. In Addition, there are presenled sUI(gE'stions for f,e improveme...t of the colledior
and analysis ot f~tUi''''' photographs of th~ typ*' descr1t~d in this report. Particularly, It 8Muld
be noted that the therm~P elff'rtll of nuclt"ar devicE'8 could mon- easily bE' evahtah>(j U th(~ df2'tatls
of the parUcu.\ar test detoruttone (.pedal shielding, ~'xperimentaldevices, and th, HJ«~) weT(~

relea8ed.
8tgnUkant improvement in tM mkrodt>nsltometrlf al,llysls W(H.lld result if the sllt width and

height could be reduced to about Ii third their present sizto. F\1rther red"dion 'NOuld be of Httlf'
Ij~lp bq'cause of the granularity o( the' emulsions.

In general, the vlIlrla.tion of the Ylu"ioU8 thE'rmal and physic;:tl phenomena wUh oevke yield ha;;:·
not wen treated. Only' generalized C.HSClI8f'.10IlS of the .iureohc, thermal flux partition, hotspots,
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(l!?ly. In passing, It should be menUoned that futul'e data analysis should be more stronK!Y
C'orl'elated with existing tht.~ol'eUcrd Iilnd if~xperimenta1inIormat1on, than was 'possible fn the
preparation of thi8 report.

Thermally importallt phenomCt'J'Ul; beslde8 being o! tntp.re.t 1- the phySlC8 of the detona.U.1!l,
contribute meaaurably to the thermal flux. The plume appear8 to develop earlier for 8maH
8\lI'fllce-detonated device.. A hydrodynamlcal BtUdy of Its development, as viewed from 8ev
era! obllervaUon ar'.glea, would b<! of lnlerest.

There exists suffictent datll to ueltneate further th(' intenstty and angular distribution of the
aureole .a a function of firebaU extent and sUl'fac~ briptlM!S8, in frames before breakaway.
There t. IUSO data on these aurt'Ole propertle8 a8 a funcUon of anglp. of observation. Howe"er,
such data e.lat8 only (or Red and Polaroid phiJtographa.

Aaymmetry may be of con.lderable tmportance in Ust It may make the thermal flu. az' auth
&nile dependent. 1l would be desirable to Kan all detonations to check on this effect, whl~;h

appear~ 'to ~ definitely eltabUahed for DIlkota (Chapter 4).
In pneral, it Is quite dtlltcult and Ume-con.umllll to prepare iaophot contours of thE photo

t;ra9hte {ramH, and in ltabt of the lrlaccuracle. involved, further eaorta in thl. direction are
not e.cmlly recommended. However, a con.latent program of brightness comparlaon8 would
at't'e lmp:»rtant information on the albedo8 of Islands and 8hock froth and eapec1a1ly of cloud8.
The contribution of the 11ght ecatterec.l\ from clouda 18, aa laa belen Indicated, a particularly
ephem8ral problem. The anpa1Ar dependEnce 0, the shock froth albedo t_ a8 yet not understood;
there Ia evid.nce that the direct albedtl 1a 8maller for 10w-al1f 1e observera (Section 3.2.6).

Further lIOrk should be done on the hydrodynamica of the abaorptl~n shell and on the 11mb
d.ubninl h!lIt-9rles of the several flrelballs. In particular, the 8Callng of 8urface contour8 Is
of LI\\"Jreat. Another program of 80me Importance t. the correlaUon of ab8OrpUon aheU prop
erties wtth tblt temperature, den.tty, alnd pre.aure profUe. of Reference 28. It ta not recom
m~nded that further Ught-abaorptlon measurement. be made, a. the beat example. of thiS effect
have already been analyzed and even tbt,ae gtve lnddferent re"lulta.

Phy8ical ef~ed. have a direct pertur~1nIeffect on the thermal Oux of Ie•• than 3 percent.
.....r.ment of the tirr ,e h18tory of the position and hrtghtn,..a of the borlllOntal dark belt run··
nlng aero•• the fireball may aid in explatnlntt thl.l phenomenon.

The klnematlca of hot spots (brllbt and dc.rk are.. In Red, Blua, and Polaroid) could be de
rived from the photocrapha. 8peeda, number. _,pace dtatrlbutlon, slzea, and brtabtne•• bi.toriellt
may be compared amone tb. several detoncUonli. The bot Spot8 rnay aid An determining bow far
Into the flre~U the camera aM. In earl, framee.

The Blue fireball .howe con.tMrable 8W'fu4f lItructure, appearlnllumpy or pufly. Thts
pro..Ab1y hall a nontrlv{ti effed on the Blue nux. Alth"Ulh It would be difficult to pther mean
1JaIfu1 quantitative data on ItO dUfu&& a phenomenon aa thie, 80me stud! of it I. indicated.

Althoqh the R8d-Blu.e !ntClrcompartllOn I. made dUftcult by the sen.ltiZatlon and 8enaiUvlty
dWerenc•• of tbe rece!!Jlors, tbe Polaro~ palra auuer from no -.ach drawback. No 1I'0.s dU
fflxene•• bet1Nen the two polartAtlon• ..",. \r«l 1n the anal,st. ot the DUota pc1ir (Chapter 4),
wtdch were made with cameras havlnl erratc shutters" Ho~ver, tho information content ,I)f
thue photolJ'''P~_5 Is by no me.lnl exhauatod. and. more thorough Analysts of thiN pah' aid of
the Apac" pair is deff.nlt~11 b\dicat.cl.

4 alJGiUld bet menUol't.l\!l'd nat the probl'o!m •• not beea ~!'oached trom .. Viewpoint of a~mo.,

pherlc tran8ml."lon. In a qq•.utahv~ "n8~ 00 iRrong ahnoophertc llttf!nuaU9ft dtUerellee.
among Red, Bluep :too PollU'Oid arf! re80i. ,'ed. Nevertbslells! it mllht ~ ..,d~·antapou. to rt.···
view therfltaNlts preAl.nted here, 1\nd any future nllUltll, trom a 8Wdpotnt of atmo.pberic
acattertne and attenuatton.
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It was found in auxUlary experiments that the shape of the H and D curves varied with the
fUter used in the sensitometer. Conse,quently. there- s::~uld be some inac,:uracies In the H and
D curves because the sen~tt1zing lamp does not match the spectrum of the detonation. It should
be a re!aUvely str alghtforward matter to expose auxUiary strips 0' fUUl tnrough a ftep tablet
and correct fUters, to the detonation ltsel!. ~lch a procedure has been used tn the experimentl
of' Reference 27. Enough exposures tot' t.h~ detoerminaUon of the proper development procedure
for y = 1 can rcadl.ly be made wlth the samD camera.

lo''''urthermore, standardized processing anil further calH,ratlng procedurell .hould be develop
ed to enable absolute brightness meaaurement8 to be made. With blown abllOlute brilhtnuHS
and intercomparable cameras, atmospheric tran8missions (:an 1>e measured. Furthen.ao!'e,
observations from variOU8 angles wUl gfve information on the dflparture from Lambert 8Catter~

iog of variou! INnace8.
The surface o! the detonation is sufficiently briRht to ulow narrower, sharper optical f1.l\terfi

to be used" The spectral response of each fUter should be rout.inely <.~hecked in the laboratory,
before and after the test series.

The exposures in the Redwiog series were generally too low; 1n no case wa.iJ fUm satu~""lltton

observed, but in one or two cases (notably Dakcta. Red 36236.1 there was a lens fla"e and i4 balo
around each frame, presumably due to flare scattering. in parUcular, the Blue exposures
were too low to show the albedo r!roperly~ espec1<l1ly near breakaway. Even an lncreaae of u,
factor 100 in IIOm£, Blue series should be considered, In 8;;>\te of the burnout and increase 1n
flare light that thi8 may ~ngender near Gecooo thermal flux maximum. 9J.ch exposures vlOuld
provide ciatrl on the Blue aureole, on tne a.ttenuation of the Blue shocked air, and on the detaUs
of the Blue fireball near thermal nux Inln~mUM.

The fUms used are quite saUsladory, and the l'O.itlon4 of the centers of t~e Red, Blue, and
Polaroid paS8band8 are well choseu. More Polaroid photograpt..a,8hould be taken, e8peclally
with telephoto lenses, for a clcs;er examination of tM abllOr~lon tobell, hot .pou, and other tea
tures. The 8hutter.·-opening fluctuations of the GSAP cameras D:ul5t be corr6cted. A study of
the fallQff of apparent brightness of o!f-u1al poh'lta 9.fOuld be ullleful. Every reasonable effort
should be made to reduce spur Iou. !wf!-lt&ht effectll.

Although synchronized camera. opening at, say, 1 mse<". after Ume 7.ero would 00 desirable,
no critical quettUons have arleen that carmot be answered with prlO!8ent unsynchronlzed systems
SynchroniZed systems are of more importance In camera! with higher framing .peedD running

"11p to time of breaJr.away.
It appears that during Operation Redwlog no consiatent attempt was made to po8ition the air'

craft at uniform obllervaUon anpell. There a.re no phenomena particular to any individual Cle
vice. tblt are beet view~~ ~rom a preferred aO{:}e; an improved device lntercomparl80Jl would
result 11 standard angle. Wtlre ~ho.en.

One Vlewq anale should be about 20· from the horizontal, to pel'mit further mea8ure~cmts

.1: the attenuation of the ablKlrpUon shell (8uch a8 those de&Crlbed in S 'ctlon 4.6.3). Mually,
laland. and ciuVd~ llhould t'~ ~hind t:~ ablIDrp on shell and air F~ckt to act as ViE/wing Ik:reel

It hu been noted th&t U~ ib.t3. fl!H",d to give mformatlon on tht: l'ICJ;1tterlng and Iil.tter.uatlon of
the atmosphere aa .eparat., from the proper thermal eUects of the device. A. mentioned ear
lier, llbsolute lnterccmpari8nn among fUm series would throw light on this problem. However~

for good re8Ult8 it 1. nec~••ry that the a,lrcraft be at ranges with extremes dUfering by at
least a factor of, 3. Du:cina Opf'r'p.Uon Redwing, the ranges rarely differed by mare than i. fac
'Jr of 1.5.

Finally, there is the suggestion tSwLt the GSAP cameras photograph an arU1iclal light. source
of known brlghtn~88 at surface zero, at uy, 1 second befcre tlme zero" HIJweVer, pra.ctical
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for nwasuring th~ transmission :!n .:'·ath·l·in~ of Hil' at'nu8pht.·rt'.
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Figure A.I Shot Erie. Series 34565, Frame Zeru, hed, 2G mm, B-57.

Figure A.2 Shot Erie, Series 34565, Jo"rame 1. Red, 25 mm~ 8-57.
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Figure A.:~ Shot Erie, Serle. 34565 .....rame 2, Red, 25 mm. B--57.

Figure A.4 Shot ErIe, Serle.:l.f)65. ""rame ,3. Red. 25 mm. B- 57"
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Fllure A.6 Shot Erie. Serl•• 34665.•"'rame •. Red. 25 rnm. 8"57.
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Figure A. '1 Shot Erie. Serle. 3456&, Frame 8. Red. 25 Mm. b- 57.
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Figure A.9 Shot Erie, Series 34565. Frame 14. Red, 25 mm, B-57.

Figure A.tO Shot Erie, Series 34565, "'rame 18. Red. 25 mm, B-57.
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Figure A.l1 Shot ErIe, Series 34565, Frame 24, Rro~ 25 mm, 8-57.

Figure A.12 Shot "~rio, Series 34b65, F',~,'ame 30, Red, 25 mm. R. 57.
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Figure A.l~ Shot Erie, &rie. 34565, Frame 39, Red, 25 mm, B-57.

Figure A.14 Shot Erte, Series 34565, Frame 45, Red. 25 mm, 8-57.
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Figure A.I5 Shot Erie. Sertes 34565, Frame 51. Red. 25 mm, B-57.

Figure A"16 Shot Lacrosse. Serit.:I!\ 31587, l"rarn~,~ Z, t·O, Blu('. t.1.. 25
mm. 13··57.
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Fisure A.I7 Shot Lacrosse, Series 31587, Franle Zero, Blue, t.1.. 25
mm, B-57.

Figure A.I8 S~ 'J. Lacro,jae. Serles 3158'L, Frame 1 ~ Bluod. f. L. 25 mm,
B-57.
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Figure A. j!j Shot Lu'~l'OHBC, Sel"ieli 31587. J",rame 2, Blut' 1. i". 25 rom,
B -57.

Figm.'~· /\.:w Shp~ LUerO/:l8e. Soril1.~8 ~H 5117. Frllm£ J. !~lue. fl.. 25 mm.
H S7.
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Figure A.21 Shot Lacrosse, Series 31587, Frame 6, Blue, fo!., 25 mm,
B-57.

Figure A.22 5hot .LaCl'08~!le. St,rletl .U 587. Frarnt.~ 9. Blu~·. Ll., ~5 mm
B-57.
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Figure A.23 Shot Lacro8se, Series 31587, Frame 13, Elue, 1.1., 25 mm.
B-57.

Figure A.24 Shot l.oi:H'ro86e. Series 31587. Franle 18, Blu€'" L L. 25 mm,
11-57.
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Figure A.25 Shot Lacrosse, Series 31587, Frame 23. Blue, f.l., 25 mm,
B-57.

Io"'lgur€'A.'~6 Shot Lacrosse. S('ries 31587. Frame 30. Blue. L1., :~5 lUnt.

B-57.
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Figure A.27 Shot Lacrosse, Series 3158'1, li'caDle 39, Blue, f.l .. 2fl mll
B-57.

FIgure A.28 Shot I.4lCr<l\.8~, S(I: .. h.~ft: ~~LtiW:r.f'ranl(" (~J. Bhu~, 1'.1., 1~:S n:lm
B· 57.,
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Figure A.29 Shot Huron, Serh~8 37505, Frame Zero, Blue, B-57.
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Figure A.31 Shot Hu.roll. Series 375015. }"rame 15. Blue. B-57.
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Figure A.33 Shot HUt"OD v Series 37505, Frame 34. Blue. B-57.

."
Ii
:1- ,



,.
"

li'igure A.35 Shot Huron, Series 3'1505, Frame 59" Blue, B--57.
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f'igure A.37 Shot Huron. Serle. 37505, Frame 103, Blue, 8-57.

" JJ'

.....igun~ A..3S Shut. HUHn,. Serle. J7505, fo""rarre 129, Blue. B-~1.
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}'i"lgure A.39 St.'lt Huron" Series 37505, Frame 167, Blul!I~ B-57.

lS;)';r

S!tClflf



Figure A.41 Shot Huron, 3erles 37505, It'rame 219, BJue, B-57.
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.!i'iglu:e A~ lel Shot Dakota. Series ::S6231~ Framf~ 115, Blue, f~l.. 17 mrn. H-52.

Fi.gUTl.;, ~_"132 Shot Dakota.~ Serit.~8 36231, "'ra.nu,~ 150. Hlue, Lt .., 17 mn\,R 52.
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FIgure A.183 Shot Dak"lta. Serit)i::J 36233, FraIm: Zero, BJ.ue~ f.1" ~ HI mOl,
B-4.7.r-------

,

Figu:.te A.Je4 Sbot Dakota~ &-r!ell 36233, f"rame ~1O. Blue, f.,1., 10 mnl.~ 'B-,47.
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Figure A.lSi> Shot Dakota, St.l rics 3623:j, Frarne 4.5, Bhle, f.I., 10 mm, B--47•

•D.
••

•
•

•
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Figurl' A.187 Shot Dakota. Serie~; 36233, Frar~le 65, Blue, £.1., 10 mm, B -47"

Figure A.188 S~ot DJkota. Series 36:?33~ l"t·~mt· 9~t, Hiue, f.L w 10 rnm, H-47.

SECREt'



Figure A.189 Shot Dakota,. SerIes 36233! F'rante 115. Blue, f.l., 10 mm, 8-47.

Figure A.190 Shot Dak,ta, StH'iea :l6233,F:\'ame l:iO, Blue. f. J. to nHn~ ,B-,47.
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Io'igure A.IBI Shot Dakota, SerleB 36~=J3, Frame ~50, Blue, f.l., 10 nun, H-47

.Figure A..H)~~ Shot .Uakota, Suries 36236, :Frame Z~:('o, Hed, C.l.. to mOl,
H· 47.
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Figure A.19" Shot Dal(ota. Series 36236. Fram.e 90, Hea, f.l., 10 mm, B-47.

1rn!:1!ti.;,r/l!:~i_



Figure A.199 Shot Dakota. Series 36236, Frame 150, Red~ C.I. w to mm~ 80-47.

~- ~,1- -; 'I' ~'. '

~ ..

Fik11re A.200 Shi~J't ~ akota, Series 36236,Fr8we 200, Red, f~l., 10 mnt, B--47.
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Figure A.201 Shot Dakota v Series 36236, Frame 250, Red, f.l. v 10 mrn. B-47

-\",
"" ,

t, :.\:W\t~.

Figure A.~O:':; Shot Dakot'1 .. ~erje8 a6:!.3fi~ I:<'rame 325, Red, {.L. 10 nUll, B-47.
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F'lgure A.204 Shot Dakota. Serie,. 36236. Frame 425. Red. i.I.. 10 lIml. H-47.
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Fhlure A.205 Shot Dakota, Series 36241, F'rame 35 0 Blue, (.1 .• 17 mm, B~66.

lc'lgur'e A.~OB Shot Dakota., Stwll~8 36241, l"rame 45, Blue, f, t." 17 mm, B-,66.
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Figure A.207 Shot Dakota, &eriea 36241, Frame 65, Blue. f.1., 17 mm" 8-66

FIg~re A.208 Shot Dvlrot&.. Series 36241, Fra'ae 100, Blue, (.1., 17mm, B of
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FIgure A- 209 Shot Dakota. Serit'lili ,;]6241. j ,~,.me 150. ~: ue. f.1.. 17 nllll. B-66.
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Figure A.211 Shot Dakota, Series 3624], Frame 350, Blue, r.l., 1 mm, B-6fl.

.1·...'

}s'igun A.:21 ~ Shot Dakut.a, ~l/.·rlt·8 ~i6242, .'I'aml' I.Cl'l). Ht~d. f. t •• 17 mill, B - Hfi

... EeREY

_ _ _ _ Jr . ._. _



Figure A.213 Shot Dl kota. Series 36242. Frame 15, Red, f.1., 17 mm, B-66.

.Flguf"~ A.214 Shot Dakota. Series 36242. Frame ~m, tted
ll

f.L, 17 mm, R-66.
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Figure A.215 Shot Dakota, Series 36242, F'rat~le 45, Red, f.1., 17 mm, B-66.",----_...

..
Figurt:: A.2IR Shnt Dakota., Serle.. 36~4~. Fr,i-1H
1r; mm, fl 66.

. ..

._-_._- .._ .._- _._-- ------



.. ' •• ,1 H~, Frame ". f'·darol'~ a. r.t . :7 lltrn.

~.

F'igure A.218 Sh!,~t J)ak\,ta, Str!t'!:t ;V;:'\" .. t·ra~n,". t-·'I::'r, .. ·:~ -'. ! \. , 17 rnn/.

H- 6b.

. .. ..



D

Figure 1\.21 U Shot Dakot.t, Series :)6249, Frame 34, Polaroid 0, C.l., 17 mm,
B -(iF.

Ftgun-- r\, ~~ Ii S;,~)t I ~ah'·LI. Ser-!es ,~U;~Jl!j, fo'r'ume '1:4, Pola.roid II. t •.. 1'1 nun,
B fit'

287
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Figure A.2~1 Shot Dakota, Series 36249, F:rame 64, Polaroid 9, f.1.
1

l~ mm.
B-66.

Flgun' A,,:.·1,2:): Shot l)aknta~ S>l;~r'j,M8 ::W~::,~}" Frame r;l~';I" POl~1:r1,}id if. fJ .. l~! mm,
H(Ht

288
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Figure A.223 Sho'~ ~akotCl. Series 3624H,F;',~·:a'.~199. Polaroid f1, f.I .• 17 n
13-66.

, •.. ,.

:'
;'.!

!;!"J::'~'",

Figure A.224 S,H)l Dakota, Seri~8 3f1:250 w Frami. Zero. Polaroid CPo i.l •• 17
mm. 8-66"
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,,!
I

ri.gur('1 A.·:~5 Shot Dakota, Serle. 36250, Frame 4~Polaroid 4;. f.1., 17 mm.
B·-fif).

,
It

Figure A,22fi S] ot Dalmta~ Series :16:?5h. !;'~'ame !,~ Pohuoid "'I'. f. L. r'1 .'1'U1)"

IlHfL
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Figure A.227 Shot Dakota, SedeR 36250, Frame 16, Polaroid ..~, f.l., 17 mm,
8-66.

fo'lgul"t.' A. ~28 Shot Dakol.M. ~k'rje8 36250. Frame 24. Polaroid !/'. £.1 .• 17 rum,
B - 4)(;.

291.
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Flpre A.229 Shot Dakota v Series 36250, Frame 39, Polaroid 4>. f.1., 17 mm.

B-86.

Figure A.230 Shot Dakota. Serle. 362fO. Frame 64, Polaroid 1'. t.L. 17 mm,

B-B6.
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D

FlKUrl' A.231 Shot Dakota, &'rlcs :Hi:!:)O 1 Frame 89. Pularoid ". C.l.. 1~ mm
8-66.

Figu;'e A.~3l Shot Dakota. Serlt.'s 3"250, I"rame 114. Polaroid .p. L 1.. l'1 mm.
B-6fi.
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Flgure A.233 Shot. Dakota, ~f'rie8 36299, Frame Zero, Blue, f.} '. 17 mm,

B-57.,

FJgureA.234 Shot Dakota, Series :lfi~99. F'rarne I, Blut', i.l.,!7 mOl. H-57.
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Figure .'\.235 Shot Dakota, Series 36299. Frame 20, B1ue, L1., 17 mm, B 5

Figun" A.23fi SlnJt Dukotp, Series 3fi299. f' <lme 30, Blue, f.,!.. i': (.nu, H -57.
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Figure A.237 Shot Dakota, Series 3fi2!l9, rranle 40 HlIJt x
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r'igur,,' A.23!) Shot Dakota, Series 3fi2!W. .Frame 60, P.wt.' > f.l.. 17 nUll. D5'7 .

•

I•I
I Figui'e A.:!40 Shot Dak')ta. Series :l,i2!)!). I<'rame *13. Blue. Lt., 17 III III , 1357.
!
i
,

\
:1

i
I
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t -------
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f'igurl.' A.~43 Shot Dakota, Series 36299, Frame BOo Blue, C.l., 17 mm, B-57.
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FiKu,n' ,.\.245 Shot l~akottJ... Ser.lp!:i :'''':;;~9~ Frame 115, hlue. Ll., 17 mm, B-57.
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Flgu,·'£' A.~4'1 Shut Dakota, Series 3()2~19. Frump 150. Blue, L1.. 17 nlln, B-57.

b

}!'lgun:~ A.2,48 Sl-tot Dakota. Scrie~ 36299, Frame 170. Blue, f.I., l'i H'Hn~ B .. S7.
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Figure A.249 Shot Dakota. Series 36299, l-"rame 190. Blue. f.l., 17 mm, B-"\7.

Flgu:..'e A.250 Shot Dakota. So des 36299, Frame 225, Blue, r.l., 17 lam, B-57.
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Ftaure A.251 Shot Dakota. Serlt-836299. FramE" 275. Blue. f.1., 17 mm ll B-51

,Figure A.25~ Shot Dakuta, 8erlec 36300, Frame Zero, Red, f.I., 17 mm. B-~
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Figure A.253 Bhot Dakota, Series 36300, I....rame 57, Red, i.I.. 17 fum, Is-57.

Figure A. 2!'i4 Sho to Dakota. Ser leN 363tlO • Frame (j7, Hed, f.l.. 17 mm, B -57.
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l'~lgure A.255 Shot Dfl.kat a, S.~ril~t; 36aoo. Frame 77> fled. C.1.. 17 mm. B· 5~
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CPWPT

Defense Threat Reduction Agency
45045 Aviation Drive

Dulles. VA 20166-7517

October I l. 200()

MEMORANDUM TO THE DEFENSE TECHNICAL [NFORMATION CENTER
ATTN: OCQ

SUBJECT: DOCU1vIENT UPDATES

The Defense Threat Reduction Agency Security Office has perfonned a classification review of
the following two documents. The documents classification has been changed and the distribution
statements added to read as stated below:

WT-I333. AD-36 I768. UNCLASSIFIED. STATEMENT A. Operational Red\ving. Project 5.7.
TIlcnnal Flux and Albedo Meusurements from Aircraft.

WT-133 ..... AD~33991O. UNCLASSIFIED. STATEMENT A. Operation Redwillg. Project 5.8.
Evalmllion of the A3D f Aircraft for Spccinl Weupons Delivery Capability.

If you have any questions. plcnse call me at 703-325-103 .....

08~J.JL~~'
ARDITH JARRETT
Chie!: Technical Resource Center


